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“And though she be but little, she is fierce” 
 
William Shakespeare, Midsummer Nights Dream, 3.2. 
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1.1 Cell Membranes 
 
Cell membranes are highly complex systems, which are responsible for 
the functionality of the cell1. Their primary function is to act as a barrier 
between the environment outside the cell and that within the cell. The 
membrane itself is selective and controls what enters, and also leaves, the cells2. 
They are integral to the transport of ions and other molecules and the deliver 
of these to the other parts of the body. The cell membrane is thought to be 
involved in a wide variety of functions such as signalling and cell adhesion3. The 
membranes themselves predominantly consist of phospholipids, but dependent 
on the particular function of the cell these vary along with other composite 
molecules involved in making up the cell membrane4. 
Understanding how cell membranes work and their transport 
mechanisms is integral to the development of research such as effective drug 
delivery systems and biosensors. 
 




Figure 1 .1 Schematic of a typical biological membrane, consisting of a lipid bilayer with various 
proteins embedded in a transmembrane manner and also at the surface5. 
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Cell membranes are largely composed of phospholipids, with up to 50% 
of the mass of the membrane in animal cells being phospholipids (figure 1.1)3,6. 
Phospholipids consist of 2 distinct regions, a hydrophobic hydrocarbon chain 
and a hydrophilic polar head group (figure 1.2, top). This amphiphilic nature of 
the molecules induces them to self assemble into more stable formations when 
they come into contact with water7. The lipids will form a structure, which has 
the tail regions, which have no with water, whilst the head group will readily 
interact with water (figure 1.2, bottom). This property gives planar bilayers and 




The head-group of phospholipids, as it is always externally facing, 
governs many properties of the bilayer. Different head groups will induce 
different properties within the bilayer, for example, interactions with specific 
proteins, which are important in biological processes. 
  Cell membranes are inherently complex and comprise of the lipid layer 
with many components on the surface and also proteins embedded in to the 
bilayer itself8. There are several types of protein components within the 
membrane; integral (intrinsic) proteins, peripheral (extrinsic) proteins and lipid 
anchored proteins9. Each of these groups of proteins are responsible for 
different tasks within the membrane. Integral proteins span the cell membrane 
due to the protein having regions of hydrophilicity and hydrophobicity10. The 
Hydrophobic tail group Hydrophilic head group 
! ! 
Figure 1 .2 (top)  Schematic representation of a POPC lipid molecule, showing the hydrophilic 
headgroup and hydrophobic chains, (bottom)  schematic showing how the hydrophilic head 
groups affiliate with the water whilst the hydrophobic chains do not. 
!
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hydrophilic region interacts with molecules within the hydrated core of the cell 
and also with molecules on the exterior of the cell. The hydrophobic region 
anchors itself within the lipid bilayer. These types of proteins are responsible 
for a wide range of mechanisms such as transport11and ion channels12. 
Peripheral proteins are only temporarily attached to the surface by use of 
integral proteins. Once they have interacted with the membrane they are 
associated with the peripheral proteins simply dissociate and take part in 
another process on a neighbouring cell. Peripheral proteins include hormones 
and enzymes. Finally, lipid anchored proteins are covalently bound to the lipid 
molecules by inserting their fatty acid chains within the same lipid chain region 
of the bilayer. These types of proteins are often involved in transmitting 
chemical signals3. 
 Another integral part of the eukaryotic cell membrane is sphingolipids. 
Sphingolipids have a carbohydrate group, but they still maintain the hydrophobic 
chain region and hydrophilic head group. Sphingomyelin is quite often used in 
membrane studies, and is based on a ceramide core with a polar head group as 
opposed to being based on a glycerol core.  
 
 
 Cholesterol is the most abundant sterol found in eukaryotic cell 
membranes and is thought to embed itself between the hydrophobic chains of 
the lipid where it appears to control the rigidity of the membrane13. 
 
Figure 1 .3 Chemical structure of Sphingomyelin. 
Figure 1 .4 Chemical structure of Cholesterol. 
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 The combination of an unsaturated glycophospholipid, a saturated 
sphingolipid and cholesterol forms a ‘lipid raft mixture’. Lipid rafts are areas of a 
more solid phase lipid, which are in a ‘sea’ of more fluid phase lipids. Lipid rafts 
are thought to be regions of the membrane where there is increased 
cholesterol content. It was originally thought that the constituents of a cell 
membrane were equally distributed throughout the membrane, but this theory 
has been discounted for a fluid model14. The fluid mosaic model states that lipids 
and proteins are able to diffuse through the bilayer as it is essentially a two-
dimensional liquid consisting of the lipid bilayer and the proteins embedded 
within or around it. After closer studies regarding these types of lipid mixtures 
it has been shown that there are specific regions within the bilayer that have far 
higher cholesterol content than their surroundings15. These regions also 
demonstrate higher sphingomyelin and lower phosphatidylcholine content. Lipid 
rafts are thought to be crucial for cellular process of signal transducting16 
although the mere existence of lipid rafts is fiercely debated17. Lipid rafts will be 
discussed in more detail in section 1.1.2. 
 To enable the study of these membranes and their function model 
membrane systems are required, Due to the complexity of naturally occurring 
cell membranes it is necessary to employ a model membrane as a more 
simplistic method of investigating the interactions that take place whilst 
retaining biological relevance. As naturally occurring biological membranes 
contain mainly glycophospholipids, sphingolipids and sterols, the model 
membranes are simplified by the removal of proteins and glycolipids. This allows 
for a good foundation of knowledge to be collected on the lipid-lipid 
interactions taking place within the membrane. 
 
1.1.2 Lipid Rafts 
 
 Lipid Rafts are an area of research, which has gathered great interest, 
but also much controversy about their role, or if they do in fact exist. This 
section will explain the theory of lipid rafts and their possible role within cell 
membranes. 
 Eukaryotic cells contain three main types of lipid in their cell 
membranes: glycerophospholipids, sphingolipids and sterols. 
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Glycerophospholipids have a hydrophilic head-group attached to 2 acyl chains 
which form the hydrophobic region of the lipid. It is common for these 
molecules to have one unsaturated acyl chain. Sphingolipids differ from 
glycerophospholipids as their backbone is based on ceramide, opposed to 
glycerol. Sphingolipids head-groups can either be based on carbohydrates or 
phosphocholine. As with glycerophospholipids they commonly have two acyl 
chains, but are usually saturated. Cholesterol is the most commonly found 
sterol in eukaryotic cells, consisting of a four ring structure with a short 
hydrocarbon chain which is hydrophobic and a hydrophilic hydroxyl group. 
 The composition of cell membranes varies dependent on the cell type 
and it’s role. A typical mix is approximately 20% cholesterol, 10-20 mol % 
sphingomyelin and the remainder glycophospholipids and in addition to various 
proteins3. It should also be noted that in naturally occurring cell membrane lipid 
bilayers the leaflets are not symmetrical in composition18. For example 
sphingolipids are normally only found in the outer leaflet of the bilayer and 
certain glycophospholipids are found exclusively on the inner leaflet. An 
example of this exclusivity is phosphatidserine, which is usually found in the 
interior leaflet, but can be found on the exterior leaflet usually when cell 
apoptosis (cell death) is imminent. This process essentially acts as a signalling 
system. 
 Cholesterol has a more complex role in the membrane as work has 
shown that it moves rapidly between the two leaflets in the lipid bilayer20. As 
cholesterol is a small molecule in comparison with the glycophospholipids and 
sphingolipids and also has a large hydrophobic region compared with it’s 
hydrophilic region, cholesterol buries itself within the hydrophobic chain region 
of the bilayer21. As a result the large hydrophobic ring structure is lodged well 
within the hydrophobic chains of the lipid and the hydroxyl group is solvated 
along with the lipid head groups (figure 1.5). Work has been shown suggesting 
that cholesterol moves between the two leaflets, there has been also extensive 
work on the so-called ‘flip flop’ motion. In cholesterol this is very rapid, much 
more so than other lipids. Investigations show this happens with a half-life of 
under 3 seconds at 37°C where as for other lipids it can take hours or even 
days22,23,24. 




It has been shown that in mixtures of  glycerophospholipids (commonly 
phosphatidylcholine), sphingomyelin and cholesterol that they phase separate 
spontaneously as seen in figure 1.6.  
 
Figure 1 .5  Suggestions as to how cholesterol packs into lipid monolayers and bilayers, (top)  In 
the monolayer the red regions show where there are sphingomyelin:cholesterol rich domains, 
(middle)  In the bilayer, the green areas indicate areas rich in sphingomyelin and cholesterol, whilst 
the purple indicates regions of pure cholesterol, (bottom) Computational studies investigating the 
interaction of cholesterol (green) in a POPC lipid bilayer (water, red and white; choline, yellow; 
phosphate, orange; glycerol and carbonyl, blue’ carbon tails, grey)21. 
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This is due to their differing properties, an unsaturated, saturated, and a 
small molecule like cholesterol are in different phases at different pressures and 
temperatures due to these structural differences. As a result there is a 
formation of so called ‘lipid rafts’. The lipid rafts are composed predominantly 
of sphingomyelin and cholesterol, which although fluid forms a liquid ordered 
phase, which is more rigidly packed than the surrounded liquid disordered 
phase. The sphingomyelin and cholesterol pack more tightly giving this more 
ordered structure as cholesterol has a preference for the saturated acyl chains 
in sphingomylein25. The cholesterol molecules pack themselves between the acyl 
chains and as a result these rafts are now more rigid than those without 
cholesterol present. This domain like structure has been seen in both vesicles 
and also planar lipid bilayers using techniques such as Atomic Force Microscopy 
(AFM) and Fluorescence correlation spectroscopy (figure 1.6). AFM images of 
the bilayer have shown that the raft and the surrounding bilayer show clear 
height differences of approximately 1 nm between the two differing phases26,27. 
This is primarily due to the saturated sphingomyelin chains being more upright, 
the unsaturated chains from the glycerophospholipids have a degree of rotation 
around their unsaturated chain28, thus tend to be more disordered than the 
Figure 1 .6 Example of fluorescence microscopy techniques used to study phase changes in 
vesicles. The vesicles here are made from DOPC, DPPC and cholesterol in varying ratios as 
shown on the phase diagram60. 
!
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saturated lipids. This factor is compounded by the cholesterol inserting itself 
into the acyl chain region of sphingomyelin, which creates a more rigid, upright 
region. Without the presence of cholesterol in these lipid raft mixtures it has 
been shown that the domain like structures no longer exist and the lipid 
mixture reverts back to more uniform phase29. 
 Lipid rafts are thought to be responsible for a variety of different 
processes such as protein sorting, membrane trafficking, cell migration, cell 
adhesion and signalling15,16,32,33,34. Although these interactions are known, it is not 
well understood the mechanism by which lipid rafts facilitate these interactions. 
It is surmised that lipid rafts can sort proteins due to the phase separation 
present within the bilayer system35. Certain proteins have a preference for the 
liquid ordered phase, whilst others have a tendency towards a liquid disordered 
phase. This allows the membranes to distinguish the proteins and encourage 
interactions between some proteins and not others (e.g. those present on the 
rafts may be able to interact whilst they cannot interact with those associated 
with the liquid disordered phase). It is also thought that the lipid rafts are able 
to sort proteins dependent on the thickness of the raft36. As stated previously 
the liquid ordered sphingomyelin and cholesterol phase within the bilayer is 
thicker than that of the liquid disordered phase. It is possible that these 
different thicknesses associated with the rafts26,27 would be able to separate and 
sort individual integral proteins on the length of their transmembrane domain.  
 Although a wide range of experimental and computational work has 
been undertaken on lipid rafts, there is still a debate regarding what processes 
they are responsible for or partake in, and also if they actually exist17,37-41. Lipid 
rafts have yet to be observed in cells, which has cast doubt on their existence. It 
is believed that the rafts within naturally occurring biological membranes are 
around 10-200nm in size, although larger rafts may be seen where smaller rafts 
link together42. Due to the small size of the lipid rafts they currently cannot be 
visualised directly in a living cell until newer techniques are developed, or 
traditional techniques are improved. The result of this has led to the use of the 
model membrane to be used for visualisation of the rafts. This in itself presents 
problems, in that phase separation is affected by many conditions including 
protein content of the membrane17,43. The protein content within true biological 
membranes is highly likely to impact on the formation of the rafts with in a lipid 
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bilayer. As the understanding of lipid rafts develops, the use of more complex 
model membranes is likely to shed light on how true the current models are to 
biological membranes.  
 Another area of little understanding is how the inner and outer leaflets 
of the bilayer interact and how, or even if, the lipid rafts extend over both 
leaflets. Sphingomyelin is almost solely found in the exterior leaflet44, which 
cholesterol ‘flip flopping’ between both leaflets even with its high affinity for 
sphingolipids. This would appear to indicate that the whole exterior leaf would 
be a giant lipid raft, whilst the interior leaf would not feature lipids rafts at all144. 
It has been suggested that due to the long chains of sphingomyelin it is able to 
associate itself with the inner leaflet, providing stability to the interior 
phospholipid leaflet and allowing for some translation of the properties, to date 
this hasn’t been seen45,46. Further investigation into the aspects of lipid rafts is 
needed before their true biological function can become apparent. 
  
1.2. Studying Membranes 
 
1.2.1 Lipid Monolayers 
 
 Monolayers are the simplest model membrane, as they are one molecule 
thick. Commonly studied as Langmuir monolayers, a lipid (or other insoluble 
organic molecule) in a volatile solvent solution is spread directly onto an 
aqueous sub-phase. Micelles are lipid monolayers, which form a spherical shape, 





Figure 1 .7 !Diagram of micelle30. 
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By use of a Langmuir Trough (described in section 1.3.2) the phase 
behaviour of the monolayer can be studied by compressing or expanding the 
film inducing changes in the way the molecules pack at the interface47. This 
results in pressure changes, which can be measured, and an isotherm obtained  
often depicting a change of pressure versus area. The phases often featured in 
these systems are discussed in depth in section 1.3.2.  
 Monolayers are particularly useful due to their more simplistic nature – 
it is easier to consider the interactions in a single monolayer compared with a 
bilayer. By inserting proteins and altering the sub-phase48, pH49 and 
temperature49 of a monolayer47, investigations into their interactions can be 
performed. The method also allows for the formation of lipid monolayers, 
which are made of a variety of different lipids, ideal for more complex 
experimental information. Monolayer work has been extensively investigated by 
use of the Langmuir trough but also imaging techniques such as Brewster Angle 
Microscopy and Fluorescence techniques as highlighted in section 1.7 and 1.8. 
These techniques both allow for the visualisation of monolayers at the air:water 
(or alternative sub-phases) interface. It is also possible to deposit lipid 
monolayers directly on to substrates (see Langmuir-Blodgett technique, section 
1.3.2). Imaging of these monolayers using the aforementioned techniques in 
addition to techniques such as AFM can be performed. Although AFM gives 
better resolution and can give detailed information the experimental methods 
can be challenging. Information can be gathered regarding phase, ideal for 
multiple lipid composition films, film thickness and also ‘stiffness’ of the film.  
These monolayers are generally studied ‘dried’ onto substrates such as mica, 
silicon or gold, and are usually not fluid in nature50.  
 Importantly, when monolayers are studied on an aqueous sub-phase 
they are well hydrated in the head-group region, which is in direct contact with 
the aqueous phase. They are also fluid, much like naturally occurring systems. 
Although it was initially considered that monolayers shared properties with 
bilayers, with further experimental work this has been shown to be incorrect51. 
Phase behaviour is somewhat different in monolayers and bilayers, and this 
should be taken into consideration. Although a simplistic and useful tool, results 
obtained by use of monolayer systems cannot always be directly transferred to 
bilayers in model membrane systems.  





Vesicles are lipid bilayers, which have essentially wrapped themselves 
into a hollow, spherical shape due to the intrinsic amphiphilic nature of the 
phospholipids (figure 1.8). There are a variety of different groups of vesicles but 
the most commonly seen are multi-lamellar vesicles (MLV) and unilamellar 
vesicles (SUV).  
 
As the names suggest multi-lamellar vesicles consist of many layers of 
lipids (much like an onion), and unilamellar vesicles have just a single lipid bilayer 
forming their spherical shape.  In naturally occurring systems they are used for 
transport52, digestion of products and also waste53. Vesicles can be used to 
create model lipid bilayers by making use of their ability to deposit themselves 
on to substrates in the right conditions. 
 Vesicle formation is a simple principle, which can be performed in 
different ways. One of the most common, and simplest, is the sonication and 
centrifugation of lipids in an aqueous solution54. The method makes use of 
MLVs, which are then sonicated and centrifuged to form SUVs.  The substrate 
that you wish to deposit the vesicles on to can then be simply immersed in this 
vesicle solution. It is possible to use this method to deposit mixed lipid bilayers 
by simply sonicating and centrifuging the required lipid ratio. Another method of 
forming vesicles is extrusion55,56. Here a vesicle solution is pushed through a 
filter with a particular pore size resulting in a more uniform size distribution of 
vesicles. Both of these methods allow for control of the composition of the 
Figure 1 .8 !Diagram of vesicle31. 
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resulting bilayers and due to their nature they exhibit phase behaviour as seen 
with monolayers and bilayers. 
 Once immersed in the vesicle solution it is thought the vesicles adsorb 
from the bulk solution directly onto the substrate through different stages as 
shown in figure 1.9. Once the vesicles are in contact with the substrate, they 
rupture and begin to unravel onto the substrate and then fuse together to form 
a lipid bilayer on the surface57.  
One of the beneficial aspects of vesicle deposition is its ease, the 
process, under the correct conditions, is rapid and easy to undertake, but it is 
also possible to insert proteins into the vesicles which in turn will be present in 
the deposited bilayer. This method makes them highly attractive methods for 
forming more complex lipid membranes. The process by which these protein 
lipid bilayers can be formed is reconstitution58.  Due to the simple methods 
involved in creating vesicles there has been a keen interest in using them for 
developing understanding on cell membranes. A variety of information has been 
collated regarding lipid bilayer phase behaviours59, bilayer thicknesses, effect of 
temperature60 on the bilayer and also studying the interaction between various 
proteins and the lipids61. Although they are widely studied, they do have 
negative aspects as it is only primarily the outer lipid leaflet that can be studied 
due to their shape, so little information can be gathered regarding the 
innermost leaflet.   
Although the method to form lipid vesicles is relatively simple, 
experimental factors can affect the vesicle deposition greatly. Factors such as 
the lipid composition, vesicle size, charge, substrate roughness and pH can 
greatly affect the deposition mechanism62,63. If these factors can be controlled it 
is possible to successfully deposit these vesicles to form a lipid bilayer. 
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Other methods of creating lipid bilayers are via a variety of techniques 
and by use of differing substrate functionalisation. The following section covers 
a variety of these methods. 
 
Black Lipid Membranes 
 
Black Lipid Membranes (BLM) can be classed as the first model 
membrane system65. The bilayer is formed by use of a piece of a hydrophobic 
material, namely Teflon, with a small aperture in the middle of about 50 microns 
Figure 1 .9 Proposed mechanism of vesicle deposition on a mercury electrode57.  
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(figure 1.10). The lipid solution is dissolved in an organic solvent such as decane 
or squalene and the lipid solution is applied over the hole using a brush or a 
syringe. It is possible to form BLMs via the Langmuir-Blodgett (LB) technique, 
explained in section 1.3.2, where the hydrophobic material is slowly ‘dragged’ 
through a compressed monolayer forming the desired bilayer. This is performed 
whilst the membrane is in an aqueous buffer solution, which encourages the 
formation of the layer due to the hydrophobic nature of the acyl chains on the 
lipid molecules.  
 
BLMs are attractive models to study due to the ability to access both 
leaflets of the bilayer ideal for studying asymmetric bilayers and also for studying 
the layers electrochemically as electrodes can easily be placed in the chambers 
on each side of the bilayer. This ability to study these bilayers easily 
electrochemically has made them valuable for studying ion channels and 
proteins. These are added to the bilayer by way of putting the protein in a 
detergent solution and adding to the aqueous buffer solution, the proteins will 
then insert themselves into the bilayers.  
Although these BLMs provide a means to study a membrane, they do 
have some challenges. BLMs are generally very fragile and usually last no more 
than a few hours; as a result long-term experiments are unlikely to be able to 
form. Residual solvent can become trapped between the two monolayers when 
Figure 1 .10  Example of the method Montal et al developed for deposition of BLMs. The 
diagram on the ( left)  shows the set up of the experiment in conjunction with the Langmuir-
Blodgett trough, ( right) showing the BLM being formed64.  
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the bilayers form, which can in turn denature proteins. This method was 
adapted by Montal and Mueller to reduce the need for ‘heavy’ solvents, which 
helped reduce the impact of this technical issue64. Their method makes use of 
the Langmuir – Blodgett technique and thus requires either chloroform or 
ethanol to dissolve the lipids to be deposited at the air:water interface. 
 
Solid-supported Lipid Bilayers (SLBs) 
 
 One of the major limitations of the BLM system is that due to the lack of 
a solid substrate it is constrained with regard to the types of characterisation 
techniques that can be employed such as atomic force microscopy (AFM) and 
fluorescence microscopy and reflectivity techniques such as neutron and x-ray 
reflectivity. To counter this issue the theory and implementations of Supported 
Lipid Bilayers (SLB) was developed65,66,67. This method allows for a small cushion 
of water between the bilayer and a substrate and the increased number of 
analytical techniques available is vital for improving knowledge in the area of 
biological membranes (figure 1.11). 
 
 To form a supported lipid bilayer, a suitable planar substrate must be 
selected to encourage the bilayer formation. Substrates should be hydrophilic, 
Figure 1 .11  Schematic representation of a supported lipid bilayer74.  
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as smooth as possible and clean. These conditions help to facilitate the 
formation of a high coverage lipid bilayer. Various substrates can be used such 
as, fused silica69, mica70 and oxidised silicon69. It is possible to form these SLBs 
onto conductive substrates, which allows for electrochemical experiments to be 
performed, which is particularly useful in studying certain proteins (voltage 
gated proteins) and also interactions between the lipids themselves. Once the 
substrates have been thoroughly cleaned there are two primary ways of 
depositing the bilayer: Langmuir-Blodgett deposition (section 1.3.2) and also 
vesicle deposition (section 1.2.2) although the lipids are deposited onto the 
substrate, the membranes are on a water cushion of between 10-20Å69,71. This 
water cushion occurs due to a combination of forces including electrostatic, 
hydration, Van der Waals and also steric interactions72. The water cushion plays 
a vital part in the behaviour of the lipid bilayer, as it allows the bilayer to have 
fluidity and lateral diffusions – vital if one is trying to mimic a true biological 
membrane. Although it is claimed SLB are independent from the substrate 
surface and are completely fluid, this is highly debated with claims that there are 
interactions between the bilayer and substrate74. It should be noted that not all 
substrates show the same levels of interaction with the lipid bilayer. In 
particular there are certain metals and metal oxides, such as gold, titanium and 
aluminium, which have been shown to reduce membrane fluidity73. These 
substrate effects result in a lack of fluidity, which alters the diffusion in the 
bilayer, resulting in bilayer not having the ability to fix defects and can also cause 
defects to form in the layer. 
 Another issue that can arise when using SLBs is when proteins are 
integrated into the bilayer. Due to the nature of the SLB and there being a very 
thin water cushion between the bilayer and substrate, when inserting integral 
membrane proteins (which come out of the bilayer itself) they can inadvertently 
come into contact with the substrate surface, which renders them denatured74. 
To try and reduce issues with protein denaturing and also the negative effects of 
SLBs on membrane fluidity a variety of methods have been employed which 
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Tethered Lipid bilayers 
 
 Tethered bilayer systems were further developed from the traditional 
BLMs and SLBs as a viable alternative75. This new system allows for the 
investigation of lipid bilayers by using a variety of techniques not available for 
use on BLMs, or they would be inherently difficult to perform on the BLM 
system (figure 1.12, left). Tethered bilayers provide stability to the bilayer itself 
due to the way in which the membrane is ‘attached’ to the substrate. This 
added stability counters one of the problems with BLMs and stabilises the 
bilayers allowing samples to be investigated over long periods of time. The 
addition of a tether to the substrate encourages the formation of a large enough 
gap between the substrate and the membrane that the surface interactions do 
no interfere with the architecture of the membrane; even when large proteins 
are incorporated76. 
 
 To form a tethered membrane, a linker molecule is bound to the 
substrate surface. The linker molecule varies with the chosen substrate, for 
example, a thiol would be used for gold substrates77 and silanes for oxidised 
silicon substrates78. The bound molecules then provide a solid foundation for 
the bilayer to be directly deposited on. The opposite end of the molecule (not 
bound to the substrate) has a group which can bind to the deposited 
monolayer/bilayer. The bilayer is then deposited directly onto the linker base, 
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systems provide the extra stability lacking from BLMs and also sufficient spacing 
between the bilayer and substrate surface for the substrate effects to be 
reduced whilst providing an a large enough ion channel for electrochemical 




 Further developmental work on Tethered Lipid Bilayers resulted in the 
formation of polymer cushions79,80. Polymer cushions further increase the 
distance between the substrate and the bilayer preventing substrate interactions 
and protein denaturing (figure 1.12, right). To form these polymer cushions, the 
support is attached to the substrate covalently. Typically the polymers used are 
polyethyleneimines (PEI) or polyelectrolyte films. These form a hydrophilic film 
on the substrate surface onto which the bilayer can be deposited. The polymer 
is typically functionalised with anchor lipids, which are able to insert directly 
into the bilayer itself. The anchor lipids then tether the bilayer directly to the 
polymer cushion, giving greater stability. Although this polymer cushion based 
tethered membranes is a step forward they must be carefully considered. For 
example if the balance of the surface forces is incorrect, the bilayer in turn 
becomes unstable. The number of anchoring lipids must be carefully considered 
as with too many, the mobility of the bilayer can be reduced, and too few may 
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Polymer based cushions have shown the ability to form layers which 
have high coverage and the ability to integrate trans membrane proteins whilst 
maintaining the fluidity of the bilayer. Work by Garg et al. (figure 1.13) 
demonstrated that the interaction between the substrate and the bilayer can 
cause domains (in mixed lipid bilayers) to change shape and also to reduce 
domain registering when the outer and lower leaflets are different to one 
another81. Studies using solid-supported bilayers and those based on two 
different polymers demonstrated that the larger the gap between the substrate 
and the bilayer, the less prevalent the interaction between them both. Figure 
1.13 demonstrates this with a solid-supported bilayer on the left, followed by 
two polymer-cushion increasing in chain size from left to right. As the figure 
clearly demonstrates, the solid supported bilayer shows a mismatch in both the 
upper and lower leaflet, in conjunction with the domains appearing to be a tear 
shape. The central image and that on the right, demonstrate that the inclusion 
of a shorter polymer (type II) shows the domains being much more rounded, 
but the leaflets are still mismatched, whilst on the right (type III) there is full 
domain matching between the upper and lower leaflet and the domains are 
circular in shape.  Deposition of the bilayer on top of these cushions has a great 
affect on the resulting layer’s quality and must be taken into consideration, for 
example with PEI vesicle fusion has been unsuccessful unless on dried cushions. 
Although promising, their reproducibility can be challenging especially in layers 




Double Bilayers are generally formed via the Langmuir-Blodgett (LB) and 
Langmuir-Schaefer technique (LS), which is explained in detail in the next 
section (figure 1.14). Double bilayer systems consist of several lipid bilayers, 
which are deposited on top of one another, creating a double bilayer82. This 
method introduces the separation between upper bilayer and substrate, as 
spoken about in previous methods, to reduce the substrate to bilayer 
interaction and maintain the required level of fluidity in the upper layer.  
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The double bilayer method can also be known as a ‘floating bilayer’ due 
to the spacing between the bilayers. The lower bilayer itself is, as expected, 
restricted, but the resulting upper layer appears fluid. Typically separations 
between the individual bilayers are in the region of 30Å82 and due to Helfrich 
repulsions between the bilayers. This method of forming bilayers provides a 
system, which doesn’t involve forming a bound layer to the substrate surface, 
although surface roughness and also substrate cleanliness should be considered. 
Whilst the double bilayer is not bound to the substrate, it is in close enough 
proximity that there is enough interaction with the substrate that it can allow 
surface characterisation of the layers. This advantage has allowed for a variety of 
studies using double layers on phase behaviour of lipids and monitoring 
fluctuations in the layers. By using a ‘dipped’ bilayer method it is possible to 
create asymmetric bilayers, where each lipid leaflet has a different composition. 
 
 
 The formation of bilayers in this method to form high coverage, stable 
bilayers can be challenging. The dipping method of the bilayer can be complex, 
Figure 1 .14 Schematic diagram demonstrating the formation of double bilayers, (1) 
initial Langmuir-Blodgett (LB) dip, (2) Langmuir-Schaefer (LS) dip, (3)  second LB dip 
and (4)  second LS dip 82.  
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and dipping multiple layers on top of one another can damage the lower 
monolayers. As a result coverage of the bilayers can be affected. It has also been 
noted that not all lipids are suitable for this method, those used must be 
selected carefully to ensure they deposit suitably.82 Lipids with shorter chain 
lengths or unsaturated lipids showed particular difficulty in deposition. Also, if 
one is interested in protein interactions, the use of dipped bilayers can make 
this difficult. Finding proteins with the correct level of solubility to be deposited 
on the air:water interface as required by the Langmuir technique, reduces the 
range of proteins available83. Generally, depositing proteins in this method is not 




 As shown by the Double Bilayer method, multilayers of lipids on solid 
substrates allows for spacing in the region of 30 Å82 between the individual 
bilayers, higher than those seen in SLB. This increased spacing makes the 
approach highly attractive, as reducing surface interactions and maintaining the 
fluidity of the bilayer is paramount to replicating biomembranes. Although 
multilayers of lipid bilayers may appear attractive, but due to the complexity and 
issues with them not being fully hydrated resulting in them being studied in a 
humid atmosphere, doesn’t lend itself to the dissolution of proteins and salts 
meaning that binding studies cannot be undertaken.  
 
Figure 1 .15 'Schematic diagram of floating lipid bilayer 
system 88.!
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To try and eliminate the restrictions with the lower leaflet deposition, 
where these often peeled off during additional layers being added, this was 
replaced with a self-assembled monolayer (SAM) of octadecyltrichchlorosilane 
(OTS)84. This layer is directly onto the substrate was in attempt to make the 
lower layers more stable, so they would not come away from the surface when 
deposition of the additional layers was taking place (figure 1.15). The SAM layer 
of OTS was initially deposited and allowed to self-assemble, this was then 
followed by a further LB deposition and LS deposition to form the upper 
bilayer. As with the double bilayer system, the initial results from this system 
were positive, suggesting that the upper bilayer was not constrained by the 
substrates. Lipids such as DMPC, which has a shorter chain length, could be 
successfully deposited.  
 Although positive, the OTS layer is not always successful and the packing 
of each OTS varies for every sample85. The surface packing of the OTS layer is 
integral to the success of the layers deposited on it. If the OTS is packed too 
tightly, the following LB lipid layer shows a generally low coverage. To 
counteract this an OTS layer with a lower coverage must be used, but this can 
result in a poor coverage in the upper bilayer, which can result in interdigitation 
between the OTS and the initial lipid leaflet86. 
 A further development to the floating bilayer system, the formation of a 
grafted phospholipid onto a substrate was undertaken87. This provided several 
benefits over the previous methods; firstly the grafted phospholipid layer was 
bound to the substrate surface thus reusable, and secondly, the initial layer 
could be fully characterised prior to bilayer deposition. The system also 
maintained the spacing and water cushioning shown with previous methods. To 
achieve this formation, and initial SAM is deposited using a methacrylol 
terminated molecule (3-(trimethyocysilyl)propylacrylate), which is bound 
directly to the silicon substrate88. A monolayer of 1-Palmitoyl-2-[-16-
(acryloyloxy)hexadecanoyl]-sn-glycero-3-phosphorylcholine (al-PC), is then 
directly deposited on to the SAM using a thermally activated initiator molecule. 
The result is permanently bound creating a robust, reusable foundation for the 
bilayer. Once these steps are complete a bilayer can be deposited directly onto 
the SAM. 
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 The primary advantage of this system is that it is reusable and 
characterisable prior to use. The range of lipids deposited on this system is 
encouraging, and as a result a wide variety of mixtures have been studied86. As 
with the OTS system, the quality of the resulting bilayer depends greatly on the 
SAM layer beneath it. The SAMs are generally a lower coverage in the region of 
75 – 80%. As a result, when depositing the bilayer it too shows lower coverage. 
It is often the case that the lipids from the bilayers can ‘slot’ into the holes left 
by the SAM layer, resulting in an uneven/undulating bilayer. Another concern 
with this silane SAM is vesicles do not deposit well onto the surface. As a result 
it is challenging to find proteins which can be used in conjunction with the LB/LS 
technique and this limits the work that can be done with protein interactions. 
Although the foundations for this work are present, the water cushioning is 
sufficient for the proteins to be placed into the layer itself, the ‘holes’ within the 
bilayer caused by the SAM and the need for the use of LB/LS technique, make it 
very difficult for this type of work to take place due to these restrictions. 
 
1.3 Lipid Monolayer and Bilayer Deposition on Solid Substrates 
 
The formation of monolayers and subsequently lipid bilayers are usually 
formed in one of two methods; vesicle deposition and Langmuir-Blodgett 
deposition. This section covers these methods and the experimental techniques 
involved. 
 
1.3.1 Lipids and surface tension 
 
 Lipids are amphiphiles and consist of a hydrophobic acyl chain region, 
which is attached to a hydrophilic head group. A monolayer of lipid will form at 
the liquid:air interface due to theromodynamics89. As a result when they are 
spread on an aqueous sub-phase, the lipids will arrange themselves so that the 
hydrophobic acyl chain is not in contact with the water, and the hydrophilic 
head-group is in direct contact with the aqueous sub-phase. The lipid solution, 
which is spread at the air:water interface, usually in a volatile solvent such as 
chloroform or methanol, will be subject to surface tension. The surface tension 
at the air:water interface occurs as water molecules in the bulk phase are 
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subject to attractive forces from all directions, which are equal, resulting in a 
net force of zero. Once a water molecule is at the air:water interface, these 
forces become uneven and result in the molecules having excess free energy 
(figure 1.16).  
 
In the bulk the water molecules are in a lower energy state due to this, 
where as at the surface they have a higher energy. By adding the lipids to the 
surface of the water, the water molecules at the surface are now at a lower, 
more favourable energy state, as they are interacting with surface molecules 
balancing the forces. The free energy associated with the surface can then be 
related to the surface tension:  
! ! = !"!"!
!
(1.1) 
Where G is the Gibbs free energy, A is the surface area. The units for surface 
tension are Nm-2. Surface tension plays a vital role in the deposition of Langmuir 
films, as explained in the section below.  
 Pure water has a high surface tension value, 72.88 mN/m 90 making it 
highly desirable as a sub-phase for lipid Langmuir films. Other sub-phases could 
be used, such as Ethanol (22.75 mN/m 90) but pure water’s high value makes it 

















! Water Molecule 
Figure 1 .16 Schematic diagram of surface tension interactions between water 
!
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1.3.2 Langmuir technique 
 
  For depositing lipid monolayers, and subsequently bilayers, onto solid 
substrates the Langmuir technique can be used, which consists of a Langmuir-
Blodgett (LB) and Langmuir-Schaefer (LS) method. To perform both of these 
methods a lipid monolayer is formed at the air:water interface on a Langmuir 
Trough. A Langmuir trough is often a shallow trough of only several millimetres 
deep, which is made from hydrophobic PTFE. They also have barriers, which are 
responsible for compressing molecules situated at the air:water interface. It is 
possible to have troughs with one or two barriers, which allow for different 
compression of the monolayers at the interface. The barriers can also be used 
to control the trough area, which can be reduced or increased dependent on 
how much material can be spread. From this the average area per molecule of 
the film can be calculated. 
Prior to depositing the lipids on to the substrates, it is imperative that 
the surface of the sub-phase (namely ultra-pure water) is clean. To ensure the 
surface tension can be measured, as any dust or dirt particles sitting at the 
air:water interface would affect the surface tension. 
 The predominant method used to monitor the surface tension at the 
interface is a Wilhelmy plate (figure 1.17)91. A Wilhelmy plate is a thin plate, 
usually made of filter paper although glass or platinum can be used.  
 
Figure 1 .17   Diagram of a Wilhelmy plate setup141.  
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This thin plate is then attached to a microbalance via a hook and the 
plate then touches the aqueous sub-phase for measurement. The plate is then 
pulled down by the aqueous sub-phase and the forces acting on the plate can be 
measured and directly related to surface pressure (π) via the following 
equation: 
 ! = !! − ! (1.2) 
 
Where γo is the surface tension of the liquid with no monolayer present, and γ 
is the surface tension of the liquid with a monolayer. By compressing the 
molecules at the surface, the surface pressure is increased due to the molecules 
being forced to interact with one another due to the decrease in the 
intermolecular distance when compressed. The surface pressure measures the 
force the film exerts for a given length unit. With lipids, the force exerted is due 
to the hydrocarbon chain regions repelling one another.  
Adding lipids, or any other material, to the water’s surface will cause a 
change in the surface tension, which will then feedback a surface pressure value. 
From the surface pressure it is possible to ensure the surface is clean (a surface 
pressure change of zero would indicate this) and also allow you to compress a 
monolayer at the air:water interface to a desired pressure for depositing a 
monolayer on the substrate surface. It should be noted that with the Wilhelmy 
plate method the contact angle (between the plate and the aqueous sub phase) 
should be zero when there is no monolayer present at the surface. The wetting 
of the plate can affect this and also the cleanliness, so ideally a new plate should 
be used for each experiment. 
 
Pressure- Area Isotherms 
 
 When a monolayer of material is compressed on Langmuir trough a 
Pressure-Area isotherm can be obtained. Pressure-Area isotherms plot the area 
per molecule versus surface pressure and shows how the packing of the 
molecules can change with increasing pressure92. The isotherms can be shown 
with the area be calculated in cm2 or more commonly as the average area per 
molecule Å2. Lipids, when compressed, go through a variety of different phase 
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states and a brief description of each is detailed below. Figure 1.18 is a Pressure 




Gas phase: In the gas phase, the molecules are far apart from one another with 
very larger (relative) intermolecular distances between them. As a result there 
is very little interaction taking place between the lipid molecules. Here the 
surface pressure is very low. 
 
Liquid expanded phase: In this phase the lipids are beginning to interact due to 
the reduction in intermolecular distances. Here the monolayer is starting to 
display more solid like behaviour and rearrangement into a more closely packed 
structure. The transition into the next phase, Liquid condensed phase, is 
generally smooth as the lipids are beginning to rearrange themselves into a 
more packed arrangement. The interaction between the hydrophobic chain 
regions on the lipids can make this transition more challenging, hence the long 
curves that are generally seen. 
 
Liquid condensed phase: Here the lipids are beginning to pack in a more solid 
phase like manner. The lipids are still in the liquid phase, as they are able to 
freely rotate, but increased intermolecular forces cause the monolayer to have 
some short-range order. The hydrophobic chain regions of the molecules are 
beginning to arrange as the packing becomes more ordered. The gradient of the 
Figure 1 .18 ( left) Schematic representation of a generic pressure – area isotherm with 
relevant phases indicated. π is pressure, with πc depicting the critical film pressure. σA is the 
area. ( right)  Cartoon depictions of the a) gaseous b) liquid expanded c)  liquid condensed and 
d) solid-like phases 92. 
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phase on the isotherm differs to that of the liquid expanded phase and it now 
more linear than seen previously. The tilt angle of the lipid chains begin to alter 
more significantly at this stage, with them aligning with one another 
 
Solid phase: The molecules are now packed closely, with small area per 
molecule. The interactions between each molecule are high and they have now 
formed a solid like matrix. This phase occurs rapidly once the liquid condensed 
phase is reached. 
 
Monolayer collapse: If the pressure reaches too high a value, the monolayer 
collapses. Here the film buckles and creates a layered film, hence the pressure 
appears constant whilst the area per molecule decreases.  
 
The regions as highlighted above vary at which area per molecule and 
pressure they occur at dependent on the lipids used. Changing the physical 
properties of the monolayer such as the lipid head-group, the charge and 
molecule shape can vary these phases considerably. It is also possible to change 
them by varying temperature and pH and also if the sub phase is varied it can 
affect the features of the resultant isotherm. 
 
1.3.3 Langmuir-Blodgett, Langmuir-Schaefer Bilayers 
 
To form a bilayer on a solid substrate, two methods can be used; vesicle 
deposition and Langmuir-Blodgett deposition. The Langmuir-Blodgett technique 
allows for complete control over the deposition of the upper and lower leaflets 
of the bilayer 91,93. For example, it is possible to construct a lipid bilayer, which is 
asymmetric in nature with the upper and lower leaflets consisting of different 
lipids, or mixture of lipids. The possibility of forming asymmetric layers is 
particularly attractive as biological membranes are formed of complex mixtures. 
The formation of a bilayer using this technique involves the use of a 
Langmuir trough as highlighted in the section above. To complete the process 
of bilayer formation it involves two stages, a Langmuir-Blodgett (LB) and a 
Langmuir-Schaefer (LS) deposition (figure 1.19). For the LB deposition, the 
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substrate, which has been cleaned, is lowered into the trough. A monolayer of 
the desired surfactant is spread on the sub-phase’s surface and compressed to 
the desired pressure. The substrate is then slowly pulled vertically up through 
the monolayer, whilst the lipids are kept at a constant pressure, and a 
monolayer of the lipids transferred directly on to the substrate.  
 
Once this stage is complete, further LB dips can be performed if 
required which can form multilayers or a LS dip can be performed. The LS dip 
involves the substrate being held parallel to the spread monolayer. As before, 
the monolayer is kept at pressure and the substrate should be slowly lowered 
through the monolayer at the water surface. This then forms a complete bilayer 
as shown in figure 1.19 
Although the technique provides more control over the use of vesicle 
fusion, it does have disadvantages and technical aspects, which should be 
considered. The technique itself can take much longer than the vesicle fusion 
method. Vesicle fusion can take place in a matter of minutes (dependent on 
concentration, surface area etc.), where as dipping a bilayer using this technique 
can take several hours. The process itself is also delicate. It is important to 
consider how many layers you wish to form, your substrate, which pressure 
you will deposit at, which lipids will be used and cleanliness as all these factors 
will affect the deposition. Any defects in the initial LB layer, will also lead to 
defects forming in the upper layer. The trough and substrate must also be clean 
to prevent contamination. The LS deposition can also damage the initial LB layer 
if it is not parallel to the spread monolayer94.  
 
 
!! !! !! !! !! !! !! !! !! !! !! !!!! !! !! !! !! !! !! !! !! !! !! !!











Figure 1 .19  ( left ) Langmuir-Blodgett dip, ( right)  Langmuir-Schaefer dip. 
Chapter 1: Introduction 
 30 
1.4 Anti-microbials   
 
Recently the topic regarding the decline of the efficacy of antibiotics has 
been widely reported. A large volume of work had addressed this issue, with 
alternatives to traditional antibiotics identified. One such group suggested are 
antimicrobial peptides. 
 Antimicrobial peptides (AMPs) are part of the native immune system and 
are highly effective at attacking and destroying a broad range of microbes95. In 
addition to this efficacy, AMPs are highly selective and show high affinity for 
bacterial membranes. Among the classifications of bacteria they have 
demonstrated their ability to kill off includes gram-negative, gram-positive, 
mycobacteria, viruses, fungus and also cancerous cells. Importantly they have 
shown ability in killing off bacteria, which has shown strong resistance to 
current antibiotics96. 
 
 The most prevalent class of current antibiotics are β-Lactams, such as 
penicillin97. β-Lactam antibiotics work by inhibiting the synthesis of 
peptidoglycan present in bacterial cell walls, by blocking binding proteins. This 
results in a disruption in the peptidoglycan layer as transpeptidation (cross-
linking) is prevented. Resistance to traditional antibiotics, such as β-Lactam 
based, occurs generally by two methods98. The first is due to the hydrolysis of 
the β-Lactam ring, which is achieved by enzymes. As a result of this hydrolysis 
an antibiotic can no longer bind effectively to the binding peptide in the bacterial 
cell wall and the synthesis of peptidoglycan is not disrupted. The second method 
is due to alteration of the binding protein directly. MRSA is a well known for it’s 
Figure 1.20 Examples of AMP types. From left to right: alpha helical AMP Magainin 2,  beta 
AMP Defensin 3, beta hairpin Lactoferricin B and non regular Nisin A 96. 
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antibiotic resistance and it employs this method to disrupt the efficacy of 
antibiotics. 
 One of the most important properties AMPs display is their fast acting 
mechanism to kill bacteria. As a result, it is difficult for bacteria to build up 
resistance to them. As a group AMPs are extensive, but all carry an overall 
positive charge, suited to attraction to the negatively charged bacterial 
membranes. The positive charge on these peptides come from the arginine, 
lysine or hystine groups present. Eukaryotic cell membranes usually constitute 
zwitterionic lipids such as PC and PE, whereas bacterial membranes are 
proportionally made from negative lipids including PG and PS99. As a result of 
this charge differential between bacterial and eukaryotic membranes, AMPs have 
a much stronger affinity for bacterial membranes adding to their ability to be 
highly selective. Another factor that assists in this selectivity is the presence of 
cholesterol within eukaryotic membranes. Cholesterol is known to stabilise 
membranes but the interaction between cholesterol and an AMP can cause the 
peptide to become denatured100.  
 AMPs in solution are known to be unstructured, but upon inserting 
themselves into a membrane they form one of four conformational structures; 
α helical, β stranded, β hairpin and also extended96 (figure 1.20). Much like lipids, 
when in a folded conformation the AMPs have hydrophilic and hydrophobic 
regions, this amphilic structure facilitates the peptide entering the membrane. 
Many mechanisms for the method by which various AMPs enter a membrane 
have been suggested and can be separated into two distinct categories; 
membrane disruptive and non-membrane disruptive101. Membrane disruptive 
AMP modes include barrel-stave (figure 1.21)103, torodial or wormhole (figure 
1.22)103,104 and carpet methods105. 
 Membrane disruptive AMPs work by disrupting the formation of the 
bacterial membrane. The barrel-stave mechanism is included in this 
classification, whereby the AMP inserts itself into the membrane and associates 
with other AMPs, usually 4 to 6, to form a pore in the bacterial membrane102. 
As this method is transmembrane, the pore causes the bacterial cell to release 
its contents, resulting in cell death.  
  
 




Intracellular targets have stemmed from research demonstrating the level of 
membrane disruption that must take place before cell death occurs107. As a 
result it was found that very little disruption needs to take place, and that AMPs 
can bind to the cell membrane and as a result stop processes integral to the 
Figure 1 .21 Schematic representation of the barrel stave mechanism. Initially the 
AMPs migrate to the membrane surface and then go onto form a pore by arranging 
themselves into bundles. The red part of the AMPs signify the hydrophilic region and 
the blue refer to the hydrophobic region106.  
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bacterial cell’s processes. As a result, it can induce cell death. The mechanisms 
the binding of AMPs can prevent or reduce are cell wall synthesis, protein 
synthesis, and enzyme synthesis among others. One example of such a method 
is PR-39, an AMP, which is able to bind to the cell membrane of E.Coli and 
prevents DNA and protein synthesis causing cell death. 
 Although very promising, AMPs are challenging to study and the 
mechanisms by which they work are yet to be fully understood. There are also 
resistivity issues with some classes of AMPs, for example, in some gram-
negative bacteria their ability to alter their outer membrane proteins and show 
resistance to AMPs has been demonstrated108. E.Coli was subjected to an AMP 
for 600-700 generations of growth and as a result developed resistance, 
although a situation with this many generations of growth is unlikely to occur 
naturally109. AMPs are also sensitive to proteolyic degradation, which is the 
digestion of proteins by the enzyme protease110,111. Work in this area has 
focussed on improving AMPs resistance to protease and the coupling of AMPs 
with negatively charged proteins reduces the effect of this type of attack112. 
Although promising, a larger body of work will elucidate the mechanisms by 
which these peptides work in tandem with understanding their efficacy and 
resistance properties. The development of highly asymmetric lipid bilayers is of 
importance in this area to facilitate this expansion of understanding and 
knowledge of AMPs. 
   
1.5 Contact Angle 
  
 Contact angle techniques are widely employed for the study of the 
wettability of a solid surface113. A droplet of water of a known volume is 
deposited on the substrate surface and the angle between the water droplet 
and substrate can be measured and gives information regarding the surface 
energy of the substrate. Depending on the surface energy of the substrate, the 
water droplet will display different properties. The contact angle is determined 
by the interaction of the liquid:gas, liquid:solid and solid:liquid interfaces and is 
denoted by the Young’s equation: 
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 !!" = !!" + !!" cos! (1.3) 
   
Where γ is the interfacial energy for each of the respective phases, liquid (L), 
solid (S) and vapour (V) and Θc is the contact angle. Figure 1.23 demonstrates 
these different interactions in a pictorial form. 
 
 When a liquid is deposited onto a surface, if said surface is highly 
hydrophilic the interaction between both the substrate and the liquid is very 
high and as a result the liquid will spread and have a contact angle around 0°. 
Highly hydrophobic solids will demonstrate contact angles over 90° as the liquid 
tries to reduce the interaction it has with the substrate.  It should be noted that 
the Young’s equation assumes a perfectly flat surface and surface roughness and 
contamination can cause a change in the obtained contact angle from the 
calculated one. 
 
1.5.1 Contact Angle measurement methods 
 
1.5.1.1 Static Sessile Drop Method 
 
 The method by which contact angle measurements can be obtained is 
varied. The most common is the static sessile drop method113,114. This method is 
the most simplistic and involves the use of a contact angle goniometer. A 
camera is used to capture the droplet on the substrate surface. A known 
volume of pure water is deposited onto the substrate, the droplet is then 
imaged and the resulting image can be analysed, often using software associated 
with the equipment.  
 
Figure 1 .23 Schematic representation of liquid contact angle at solid:air interface 142.  
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1.5.1.2 Dynamic Sessile Drop Method 
 
 Dynamic Sessile Drop Method is based on the knowledge that a droplet 
of liquid on a solid substrate will demonstrate hysteresis behaviour115. 
Theoretically, when a drop is added to a substrate the ‘contact line’ will remain 
static when adding or removing liquid from the droplet. This results in a change 
in contact angle, but the line where the water droplet is in contact with the 
substrate will remain, unless large (relative) volumes of liquid are added or 
removed. With the dynamic sessile drop method, the equipment is the same as 
previously and the images obtained in the same manner, but more than one 
measurement is taken. The initial measurement is of the desired droplet size, 
and the needle remains within the drop whilst the image is taken. The contact 
angle here is referred to as the advancing contact angle, ΘA. Once complete, a 
known volume is then removed from the droplet causing the droplet to 
decrease in volume and a change of contact angle to occur. The volume 
removed should result in the smallest contact angle possible. This is called the 
receding contact angle, ΘR. It is possible to calculate the hysteresis of the 
contact angle by simply subtracting the receding contact angle value from that of 
the advancing contact angle. 
 
1.6 Neutron Reflectometry 
 
 Neutron reflectivity techniques are widely used in the study of biological 
membranes. This section will focus on neutron reflectivity, but the theory can 
be applied to x-ray reflectivity methods116, 117. 
 The use of neutrons as opposed to x-rays is attractive due to their non- 
destructive nature and also the large differences in scattering between hydrogen 
and deuterium. Unlike x-rays, which are scattered by electron density, neutrons 
are scattered by nuclear density and magnetic field so all elements scatter to 
varying degrees. As a result there is good sensitivity to light elements such as 
hydrogen, which x-ray techniques do not have the same sensitivity towards. 
Although neutrons are highly penetrating, they are less damaging to samples 
which for biological samples is of particular benefit due to their high content of 
hydrogen, nitrogen and oxygen.  





As with light or sound, neutrons are able to exhibit wave or particle like 
behaviour. As a result of this wave like property they can diffract from surfaces. 
If the wavelength is small enough the wave can be diffracted from atoms. 
Typically in a neutron facility the wavelength is approximately 1 Å, on par with 
atomic distances. The diffraction pattern that results from the interaction of the 
neutrons with a solid, or other material, can be calculated by use of Bragg’s 
Law. 
As neutrons can exhibit wave or particle like behaviour it is possible to 
use the de Broglie relationship to calculate its wavelength: 
 
 λ = hp!
 
(1.4) 
   




Where λ is the wavelength, h is Planck’s constant, p is the linear momentum for 
a particle, ħ is the Dirac constant (ħ=h/2π) and k is the wave vector. By 
combining the above equations: 
 




 In neutron refection the scattering that is studied is elastic, and as a 
result the incident and scattered wave vectors are equal in energy. Figure 1.24 
shows a basic diagram of the vectors. If the angle of incidence is equal to the 
angle of reflection, it is specular scattering that will be investigated.  
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If the angle of incidence does not equal the angle of reflection it is non-
specular. In the case of non-specular experiments, information is only given 
along qz plane, which is perpendicular to the substrate. The qx vector is 
cancelled out (See equation 1.7 below) and qy is blurred out due to the ribbon 
like nature of the beam, which results in there being no resolution in this plane. 
By resolving the vectors, as shown in figure 1.24, it is possible to calculate the 
momentum transfer, Q. 
 




By substituting in ! = ! !!!  
 




This relationship determines the Q range that can be measured at a 
neutron source. The Q range is dependent on the angle and the wavelength of 
the incident beam. By fixing either the angle of incidence of the wavelength of 
the beam it is possible to obtain a Q range. Once the data is recorded from a 
variety of angles, they can be spliced together to create a full reflectivity profile 
for analysis. 
By use of Bragg’s Law, Q can be related to the distance between two 
scattering sites: 
 
Figure 1 .24: 'Schematic!representation!of!a!reflectivity!experiment. 
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 !" = 2!!!"#Θ 
 
(1.9) 
   
 ! = !2!!  
 
(1.20) 
When analysing reflectivity data it is important to consider refracted 
radiation, this is described by the Fresnel equation: 
 
 ! = ! !! sinΘ! − !! sinΘ!!! sinΘ! + !! sinΘ!  
 
(1.21) 
R denotes the fraction of reflected light, n1 and n2  are the refractive indices of 
the material, and θi and θt are the angles of incidence and transmittance. By using 
Snell’s Law (equation 1.22) it is possible to calculate θt, whilst the refractive 
index can be calculated using equation 1.23: 
 !! cosΘ! = !!!! cosΘ! 
 
(1.22) 
   




When θt = 0 and θi > 1 this leads to total reflection and is known as the critical 
angle. Below the critical angle will result in total reflection, above this value 
there will be a decrease in reflectivity. 
 When studying lipid bilayers on substrates they can be classed as a 
‘layered’ system. This is a somewhat simplistic view of how they can be analysed 
via neutrons, but takes into account the reflection and transmission of the 
radiation that occurs throughout the layers present. Within a liquid cell the first 
layer is the aqueous solution, followed by the initial bilayer leaflet, then the 
second leaflet which is on a further water cushion layer, then the SAM layer and 
finally the substrate. For these systems there are 6 individual layers. When the 
radiation comes to interact with the sample, some of the radiation may be 
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reflected, whilst some will be transmitted through this layer and onto the next. 
This process will continue in the same vein, some of the transmitted radiation 
may then be reflected by the second layer or pass through it onto the third and 
so on. The way in which the radiation reflects and transmits through a sample 
and it’s layers will provide a unique reflectivity pattern. The periodic nature of 
these ‘fringes’ can be related to the thickness of the film itself. From this 
information the data can be analysed and information regarding the structure of 
the sample can be gathered.  
 
1.6.2 Scattering Length Density 
 
 As mentioned in the previous section, one of the most relevant benefits 
to the use of neutrons for investigating biological membranes is the difference in 
scattering between deuterium and hydrogen. When a neutron meets and atom, 
it can be scattered or absorbed into the material. How the neutron scatters 
once it has interacted is given by the scattering length (b). Due to the way 
neutrons interact with atoms, via the nucleus, this doesn’t increase as atomic 
number increases as with x-rays. The scattering lengths of a variety of elements 
are listed in table 1.1. 
 
Table 1.1  Table showing characteristic SLs of common elements. 
 
Atom bcoh (10
-12 cm) fx-ray (10
-12 cm) 
Hydrogen -0.3742 0.28 
Deuterium 0.6671 0.28 
Carbon 0.6651 1.69 
Nitrogen 0.9400 1.97 
Oxygen 0.5804 2.25 
Phosphorus 0.5170 4.23 
Sulphur 0.2847 4.50 
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From the table it is quickly apparent that deuterium and hydrogen have 
very different scattering length of 6.671 fm and -3.741 fm respectively. Whilst 
scattering differently, they have similar properties and in molecules with high 
hydrogen content it is possible to replace the hydrogen atoms with deuterium. 
This type of isotopic alteration is possible with molecules with hydrogen 
present. This allows for the selected molecule to maintain their physical 
properties, but allows for increased detail experimentally. This method of 
selective ‘doping’ of molecules, also gives rise to the use of various contrast 
changes to highlight specific areas of molecules. For instance, if a lipid was to 
retain its hydrocarbon tail region within a water buffer this would essentially 
render these hydrogen molecules invisible – they blur into the water 
background. By then changing the buffer to D2O, the hydrogen atoms on the 
lipid chain region will then stand out against the background, as the scattering of 
the two molecules is so different. With this technique of buffer changing, from 
D2O, a mixture of D2O and H2O and water alone, it is possible to show 
increased resolution and further information regarding the structure of the 
molecules. 
 When creating model membranes, it is often a mixture of lipids that is 
used. As a result, it is important to calculate the scattering length density 
correctly. The following equation can be used to calculate the scattering length 
density of a lipid mixture: 




Where bi is the coherent scattering length of the atoms in the molecule and νm 
is the volume of the sample. This shows that a change in the refractive index 
within a sample will result in a change in the scattering profile in a neutron 
reflectivity experiment.  
 
1.7 Brewster Angle Microscopy (BAM) 
  
 Brewster Angle Microscopy (BAM) allows for the in situ study of thin 
films at the air-liquid and liquid-solid interface without the use of fluorescent 
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probe molecules. At a specified angle, unpolarised light which is incident on two 
media with differing refractive indices such as air:water, the reflected light 
becomes polarised (figure 1.25) 118,119,120. At the Brewster Angle, the reflected 
and refracted angles are perpendicular to one another and the reflected light is 
perfectly polarised.  
 
 
If the incident light is P polarised, at the Brewster Angle the light does 
not reflect. P-polarised light has an electric field, which is in the same plane as 
the incident ray and surface normal. The dipoles of the molecules at the 
interface interact with the p-polarised light. When the light hits the incident 
surface, it is absorbed by atoms at the surface of the media and reradiated. The 
re-radiation of the light occurs perpendicular to the direction of absorption. As 
a result p-polarised light cannot reflect as it is perpendicular to the surface 
interface and the dipoles cannot radiate energy along the line they oscillate.  
The Brewster angle between two media can be calculated simply by using the 
refractive indices as shown by the equation below: 
 The equation is simply derived from Snell’s Law and as the reflected and 
refracted light are perpendicular to one another θ1 + θ2 = 90° gives the 
Brewster’s Law (equation 1.25). 




Figure 1 .25 'Diagram of the principles of BAM. The picture on the left shows how without the 
presence of molecules at the air:water interface the beam is not reflected at the Brewster angle. 
The image on the right shows the reflection of the light due to the presence of a monolayer at the 
surface. 
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Where n is the refractive index of the media. Using this equation the Brewster 
angle for an air:water interface can be calculated to be 53.1° By making use of 
the Brewster angle at an interface, it is possible to use Brewster Angle 
Microscopy as a tool for imaging lipid monolayers and potentially bilayers 
without the addition of fluorescent molecules. 
 By use of a Langmuir Trough, as described in section 1.3.2, a monolayer 
can be imaged by use of a Brewster Angle Microscope by use of a CCD 
(charged coupled device) camera. As a result it is possible to image the 
monolayer at the surface with images showing regions of light and dark. By 
spreading a lipid monolayer at the air:water interface, the monolayer has a 
different refractive index to air and the sub-phase and the Brewster angle 
conditions are no longer satisfied thus some light is reflected. The amount of 
light reflected is dependent on the refractive index of the film at the interface. 
As the refractive index changes in a film, especially one that consists of a lipid 
raft forming mixture, BAM is able to show these domain features with good 
resolution121,122,123. It is possible to image and monitor phase transitions of a 
phase by varying the pressure (figure 1.26), or other factors such as 
temperature or pH of the film.  Its major benefit is that compared to techniques 
such as fluorescence microscopy, it does not need additional molecules within 
the film itself, which could alter the phase behaviour. 
 
  
BAM is in principle possible on liquid:solid interfaces by use of a specialised 
liquid cell124. Should these techniques be translatable to lipid bilayers this would 
Figure 1 .26 !Example of BAM images used for investigating surfactant monolayers. Here a 
solution of hexadecyl ammonium bromine (HDMAB) and sodium dodecyl sulphate  (SDS) were 
spread at the water surface and compressed. The images show the monolayer at a) 15mN/m b) 
26 mN/m and c) 43mN/m 143.!!
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allow for the bilayer to be kept fully hydrated in an aqueous solution, replicating 
similar hydration levels as those in biological systems. This method can also 
accommodate dissolving salts or other media into the bilayer, which is 
beneficial. To achieve imaging at the solid:liquid interface the Brewster Angle 
must be set for the relevant aqueous phase and substrate, then imaging can 
commence as with the monolayers.  
  
1.8 Fluorescence Microscopy  
 
 Fluorescence microscopy techniques have been widely used to study 
lipids in bilayer form, although these systems have been studied solely as 
vesicles with more limited work performed on lipid bilayers in planar form2,125-
129. The technique involves the use of a traditional microscope in conjunction 
with lipids that have been synthesised with a fluorescent molecule attached 
(figure 1.27)130.  
 
 
 The fluorescent molecules will fluoresce when illuminated with specific 
wavelengths of light. When the light is shone on the tagged lipid at the specific 
wavelength it emits light at a longer wavelength allowing it to be visualised by 
the microscope. A wide variety of fluorescent markers are commercially 
available, many of which fluoresce at various wavelength, making it possible to 
study particular phases independently. These types of markers can be used with 
a confocal microscope, allowing the user to image the sample through a variety 
of different planes, creating a ‘stacked’ image through the sample (figure 1.28)129. 
 Although the technique is predominantly used in the imaging of lipid 
phases, and does provide good resolution, it should be carefully considered. The 
Figure 1 .27 Example of an unsaturated lipid with a fluorescent marker attached to it’s head 
group which can be bought directly from the manufacturer. 18:1 DansylPS,(1,2-dioleoyl-sn-
glycero-3-phospho-L-serine-N-(5-dimethylamino-1-naphthalenesulfonyl). 
! 
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fluorescent marker molecules are large, much larger than lipids typically used in 
model membranes, and could affect the way in which the lipid molecules pack 
and interact in a bilayer. This change in interaction could have detrimental effect 
on how biologically relevant a membrane containing these are, even in very low 
concentrations. It is also possible that the markers effect how proteins bind to 
the membranes themselves and subsequently their interactions with the bilayer. 
Other technical issues are photobleaching131 and phototoxicity132. Phototoxicity 
has been widely reported with imaging of cells using fluorescent molecules. 
These effects generally occur when the cells are repeatedly exposed to light, as 
the fluorescent molecules give off free radicals, which react with oxygen causing 
damage to the cell. Photobleaching should also be considered when using 
fluorescent markers. Over time the fluorophores get damaged due to the 
excitation of electrons, which results in their fluorescence ability declining. This 
can severely limit the time period over which the fluorescence can be viewed. 
Alternative techniques such as Fluorescence Recovery After 
Photobleaching131,133 (FRAP) take advantage of the effect and are commonly used 





Figure 1 .28  Giant vesicles observed near the miscibility transition. (a) Domain ripening 
through time in a vesicle of 1:1 DOPC/DPPC 1 25% Chol. (b) Time sequence suggesting 
spinodal decomposition in a vesicle of 1:1 DOPC/DPPC 1 35% Chol. (c) Viscous fingering in 
a vesicle of 1:9 DOPC/DPPC 1 25% Chol (left series) and 1:1 DOPC/ DMPC 1 25% Chol 
(right series) as temperature is raised through the miscibility transition60. 
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1.9 Atomic Force Microscopy (AFM) 
  
 Atomic Force Microscopy (AFM) is a high resolution imaging technique, 
which can be used on a wide variety of surface and substrates134. The 
environmental conditions that samples can be studied in include air and liquid, 
and a wide range of samples can be studied from semi-conductors to soft 
biological materials. Due to the wide range of samples and sampling 
environments that AFM is suitable for it makes it a desirable technique for 
studying samples on the sub-micron scale. AFM is particularly desirable for 
studying lipid bilayers, in particular lipid rafts due to its high-resolution 
capabilities26,27.  
 AFM works by use of a cantilever, which has a sharp tip, this then scans 
across the substrate surface. As the tip moves across the surface, it interacts 
with molecules at the surface and this interaction of Van der Waals forces 
between both the tip and the substrate causes the cantilever to deflect. This 
deflection can be explained by use of Hooke’s law. To measure the deflection of 
the tip a laser is adjusted to reflect from the cantilever tip itself. The laser light 
is reflected onto a photodiode, which then converts this interaction into a 
voltage change. The voltage change is indicative of the position of the laser, thus 
the cantilever, and this can be converted to show an image across the substrate 
surface (figure 1.29). 
 
 
 It is possible to operate AFM in a variety of modes, contact mode, non-
contact mode, and tapping mode, although other more technical modes are 
Figure 1 .29  Simplified schematic diagram of AFM operation.  
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possible such as magnetic force microscopy. Contact mode is simply where the 
tips is ‘dragged’ across a substrate. As the tip is moved across the surface it 
interacts with molecules present and the forces the tip is subjected to change. 
Non- contact mode has the tip in a different positioning to that of contact 
mode. Here, the tip is suspended above the sample in the region of 50-150Å. 
The tip is then oscillated and a change in either the amplitude or phase of the 
frequency of the oscillation is monitored (figure 1.30). Contact and non-contact 
mode can be challenging particularly in high humidity settings. At the substrate 
surface a layer of water vapour is present, and if this is too large the tip can 
become trapped, distorting the resultant images. These modes are also 
unsuitable for more fragile samples or ‘soft’ samples such as biological samples. 
By using contact and non-contact mode it is possible to damage the sample and 
the alternative tapping mode can be more suitable. 
 
 Tapping mode involves the tip being ‘tapped’ along the substrate surface. 
The cantilever is oscillated at or near to its resonant frequency. At the 
cantilever is tapped against the surface, changes in the amplitude of oscillation 
are fed back to the computer. This is then analysed and gives information on 
the surface features present. For example should there be a void in a substrate, 
the tip has more room to oscillate – it can move down into this void, so the 
amplitude of oscillation is increased to counter this125.  
   
1.10 Dynamic Light Scattering (DLS) 
 
 Dynamic Light Scattering (DLS) is used in the analysis of particle sizes 
within a solution136,137. DLS uses a monochromatic light source, such as a laser, 
Figure 1 .30  Schematic representation of the modes that can be used in AFM. From left to 
right: Contact mode, non-contact mode and tapping mode (here the green and purple tips are 
to represent the up and down motion of the tip). 
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which is shone onto a sample. As the light is shone onto the sample, the 
molecules within the sample will scatter the light. The resultant scattered light 
then hits detectors, this then provides the signal intensity over time. Molecules 
within a solution will randomly move by Brownian motion. The molecules will 
scatter the light constructively or destructively causing regions of light and 
darkness. This pattern of interference can be measured as a function of time 
and this can gives information on the size and its distribution of the particles 
within the solution itself.  The size of the molecules present in the solution will 
affect the change in intensity due to their movements. For example the bigger 
the molecules are, the slower they move throughout the solution. Temperature 
and viscosity will effect how the molecules move through the solution also. The 
resultant data with give the size distribution of the particles in the solution.  
 
1.11 Surface Plasmon Resonance (SPR) 
 
Surface Plasmon Resonance is a technique used to study the adsorption of a 
wide variety of molecules to conductive substrates138,139. SPR works when p-
polarized light is incident at the interface between a metal and a media with 
different refractive indices, such as water. The surface plasmon become excited 
and it is this excitation that SPR detect as they adsorb the light incident upon 
them, the difference between the incident and reflected light. Adsorbing of 
molecules to the surface of the thin film causes changes in the refractive index, 
which in turn changes the resonances of the plasmon waves (figure 1.31).  
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By monitoring the changes in the reflected light information regarding the 
level of binding to the metal film or conformational changes at the surface. Two 
configurations are possible, the Otto or Kretschmann configuration. In the Otto 
configuration, the light is shone through a prism, which is in close proximity to a 
metal film. As the light hits the prism it becomes totally internally reflected, and 
due to the close proximity of the metal film the evanescent wave will interact 
with the plasma waves causing plasmon excitation. The plasmons will be excited 
on the part of the metal film facing the prism. The Kretschmann configuration 
also utilise a glass block, but in this instance the metal film is directly adsorbed 



















Figure 1 .31  Schematic representation of SPR experimental setup. 
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1.12 Aims and Objectives 
 
 
Aim of the Thesis 
 
In recent years there has been increased efforts to investigate the 
formation and behaviour of surface-supported lipid membranes. The aim of this 
previous research activity has been to build knowledge and develop techniques 
for forming model systems for the ex-situ investigation of the interactions of 
therapeutic drugs and antibiotics with membranes and membrane constituents. 
Often this research activity involves the use of vesicles, which although 
biologically relevant (in terms of their fluidity) allow little control of their inner 
and outer leaflet composition. An increasing body of work involves the 
deposition of lipid bilayers onto substrates by use of technique such as Langmuir 
deposition, resulting in so called planar lipid bilayers. The use of a technique 
such as Langmuir Blodgett and Schaefer allows for control over the composition 
of both the inner and out bilayer leaflets, but due to surface interactions can 
result in a decrease in the membrane fluidity. The inclusion of proteins into 
these bilayers can also be challenging, as direct interaction with the substrate 
surface can result in a denaturing of the protein and also very few proteins can 
be deposited within a bilayer when using the Langmuir Blodgett and Schaefer 
techniques. Various functionalisation of substrates can be seen throughout 
literature, but many provide challenges with formation and subsequently 
interaction with the deposited lipid bilayer. The floating bilayers system, which 
involves the formation of a lipid head group based SAM on silicon substrates, 
has provided a promising development, which reduces the interaction between 
the bilayer and the substrate encouraging fluidity of the bilayer to be maintained. 
 The aim of this thesis is to investigate alternative substrates for the 
formation of planar lipid bilayers, which can be developed into more complex, 




• Investigate the production of a high surface coverage self-assembled 
monolayer at the solid/liquid interface of a substrate in order promote 
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the deposition of high-surface coverage floating lipid bilayers on 
substrates suitable for high-resolution analysis by neutron reflectivity – 
Novel Functionalised Substrates for Floating Lipid Bilayer Formation (Chapter 
3) 
• Investigate the production of physiologically relevant lipid membranes on 
the developed self-assembled monolayer system and explore labelling 
techniques for inspecting the distribution and phase behaviour of 
heterogeneous lipid leaflets – Lipid Raft Studies (Chapter 4) 
• Investigate membrane forming techniques suitable for inserting non-lipid 
membrane constituents into membrane mimics – Further Work – 
Improving Biological Relevance of Membrane Mimics (Chapter 5) 
• Investigate the mimicking of a biologically relevant asymmetric 
composition membrane as a tool for improving the understanding of 
bacterial membranes - Further Work – Improving Biological Relevance of 
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All solvents were purchased from Sigma Aldrich (Sigma Aldrich, UK) and 
were of HPLC grade unless otherwise stated. All Lipids were purchased from 
Avanti Polar Lipids (Avanti Polar Lipids Inc, Alabama, US) and used as received 
without further purification. All water used was ultra pure water (UPW) and 
purified using a Millipore purification system to give UPW with a resistivity of 
18.2 Ω/cm 
 
2.2 SAM preparation methods 
 
 2.2.1 Silicon 
 
Silicon substrates (Crystran Ltd, UK) were supplied pre-polished to a 
roughness of under 5Å on the (100) face and used as received. Silicon 
substrates were cleaned by one of two methods, the RCA Stage-1 method or 
UV Ozone cleaning. RCA Stage-1 cleaning is a well used method for the 
cleaning of silicon and involves heating a mixture of UPW (Millipore; 18.2 MΩ 
cm-1) with ammonium hydroxide and hydrogen peroxide in a 5:1:1 ratio. After 
mixing, silicon substrates were immersed in the RCA solution and the mixture 
heated to 80°C and maintained at 80°C for 10 minutes. After heating, the 
solution was allowed to cool to room temperature. Once the solution was 
cool, UPW was added to the mixture in order to dilute the RCA. The diluted 
RCA solution was then disposed of and the substrates were then thoroughly 
rinsed with UPW. The substrate was then dried under a stream of nitrogen and 
stored in plastic storage boxes. For cleaning using a UV Ozone cleaner, the 
substrate should was placed into the cleaner for 30 minutes. In order to 
qualitatively assess the cleanliness of the substrates for both procedures, 
droplets of UPW were placed on the substrate surface and the spreading of the 
UPW on the substrate visually inspected using a stream of nitrogen. Once clean, 
the droplets had a very low contact angle, were easily removed from the 
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surface by tilting the block thus allowing the water droplets to move across the 
surface. In the case of a clean substrate, the water should progress along the 
substrate surface in a uniform manner. Prior to SAM deposition on the 
substrates, they were additionally cleaned by sonicating in ethanol for 10 
minutes followed by sonicating in acetone for a further ten minutes. Substrates 
were subsequently thoroughly washed in UPW and dried under a stream of dry 
nitrogen.  
 
2.2.1.1 Silane Self-Assembled Monolayer (SAM) Deposition 
 
SAMs were deposited on silicon following previously reported 
procedure1. An initial SAM layer was formed on silicon substrates by placing the 
substrate with its polished surface facing downwards in a clean, shallow bespoke 
PTFE dish, which could be sealed with a glass lid. To the PTFE dish, a mixture 
containing 20mL of dry toluene, 60μL of a silane-acrylate 3-
(trimethoxysilyl)propyl Acrylate (Sigma Aldrich, UK) and 60μL of triethylamine 
(Sigma Aldrich, UK) was added. The substrate was left in the mixture for 18 
hours in order to form a monolayer on the substrate’s polished surface. After 
18 hours, the substrate was removed from the silane-acrylate solution and 
thoroughly rinsed with dry toluene, followed by acetone and finally methanol 
before being dried under a stream of dry nitrogen.  
The second stage of the SAM deposition on silicon formation process 
was the deposition of the lipid head-group, 1-Palmitoyl-2-[16-
(acryloyloxy)hexadecanoyl]-sn-glycero-3-phosphorylcholine (al-PC) to the SAM 
at the substrate. Before deposition of the al-PC, a custom made PEEK cell was 
cleaned fully using chloroform followed by UPW and placed in the bottom of a 
pre-cleaned purpose-built LB trough (Nima Technology LTD, UK). The trough 
was then filled with UPW and the presence of any contaminants at the surface 
checked by way of a pressure – area isotherm. The al-PC was solubilised in 
chloroform to form a 1 mg/mL lipid solution, which was then spread on the 
UPW sub-phase. Once spread, the solvent (chloroform) was allowed to 
evaporate and the monolayer left to equilibrate for 10 minutes. The monolayer 
was then compressed to 20 mN/m at a barrier speed of 50 cm2/min. The silicon 
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substrate with the initial acrylate SAM formed on it was then carefully mounted 
into the custom made holder so such that it was parallel to the UPW surface. In 
this instance, the parallel alignment of the substrate was carried out using the 
bespoke software package and equipment with the LB trough. Once the 
substrate was aligned, the substrate was lowered at a velocity of 5 mm/min and 
pushed through the monolayer at the water surface. The substrate was further 
lowered until it was aligned into the cell sat in the well at the bottom of the 
trough, then sealed. 
Once sealed the cell was removed from the trough, a solution of AAPD-
2,2’ – Azobis(2-methylpropionamidine) (0.1% in degassed UPW), was flushed 
into the cell using an HPLC pump, sufficiently enough to ensure complete 
exchange with the remnant UPW from the dipping procedure. Once exchange 
had occurred, the cell with substrate contained inside was the heated to 70°C 
and maintained at 70°C for 40 minutes. After 40 minutes, the cell was removed 
and allowed to cool to room temperature. Once cooled, the substrate was 
rinsed with methanol:UPW solution in a 1:1 ratio, then placed in UPW  and 
sonicated in an ultra sonic bath for 15 minutes. After cleaning, substrates were 
then thoroughly washed with UPW and dried under a stream of dry nitrogen. 
 
 2.2.2 Gold 
 
The gold substrates used in the experiments were sputtered at NIST 
Centre for Nanoscale Science and Technology Gaithersburg, MD, USA. An 
initial adhesion layer was first sputtered onto the silicon substrate to increase 
the adhesion of the gold to the silicon surface. For the substrates used, the 
adhesion layer was either chromium or a magnetic permalloy (Ni:Fe 4:1), which 
was used in magnetic contrast neutron reflectometry experiments. The layers 
were sputtered using a Denton Discover 550 sputtering chamber. The resultant 
layers, which were approximately 10Å thick for the adhesion layer and 150Å for 
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2.2.2.1 Thiol Self-Assembled Monolayer (SAM) Deposition 
 
Prior to SAM deposition, the substrates were cleaned in a UV Ozone 
cleaner, to ensure that the substrates were suitably clean for SAM deposition. 
The substrates were placed in the UV Ozone cleaner for 30 minutes, to ensure 
they were clean and highly hydrophilic before SAM deposition. Hydrophilicity 
was checked by washing the substrate with UPW. If the substrate was clean, the 
water had a very low contact angle ~ 0° and when the substrate was tilted the 
water ran off smoothly and uniformly. Immediately prior to the SAM deposition 
procedure, the gold surfaces were further cleaned by sonication in 2% 
Hellmanex solution (Hellma, GmbH), thoroughly washed with UPW, and 
sonicated in 1% sodium dodecyl sulphate (SDS) (Sigma Aldrich, UK) solution. 
Once the final cleaning procedure was complete, the substrates were 
thoroughly washed with UPW and stored under UPW until needed. Prior to 
SAM deposition the substrate was dried with a stream of nitrogen. 
 For the SAM layer, a custom synthesised lipid from Avanti Polar 
Lipids, (1-oleoyl-2-(16-thiopalmitoyl)-sn-glycero-3-phosphocholine) was used. 
The lipid was dissolved in a 1 mg/ml chloroform:methanol (4:1) as per the 
manufacturer’s guidelines. The required amount of the lipid solution was then 
aliquoted into a clean glass vial and the lipid dried as a film by use of nitrogen or 
argon gas. Once dried the lipid was resolubilised in a detergent solution of 1% 
octylglucopyranoside, (50mM Tris pH =8, to 0.5 mg/mL). One hour before SAM 
deposition, the lipid solution was activated via addition of a reducing agent, 1 
mM tris (2-carboxyethyl)phosphine HCl (TCEP) which was directly added to 
the detergent lipid mix. 
One hour after the SAM solution was ‘activated’ via TCEP addition, the 
solution was spread on the substrate surface and pinned to the upper surface 
using surface tension. The solution was left in contact with the substrate surface 
for 2 hours and maintained at 50°C in an oven. During the deposition time, the 
lipid solution was not allowed to completely evaporate by covering the 
substrate with a clean, glass dish. After 2 hours, the excess lipid solution was 
decanted and the substrate removed and washed with 1% SDS solution, 
followed by UPW and then a further aliquot of the lipid solution placed on the 
substrate surface for a further 2 hours. Once the final deposition cycle was 
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complete, the lipid solution was decanted and the substrate removed, washed 
with 1% SDS followed by thorough UPW wash and dried using a stream of 
nitrogen. The substrates were then stored in suitable containers until required 
for characterisation and further lipid deposition procedures.  
 
2.3 Membrane Preparation Methods 
  
 Membranes for experimental analysis were prepared using a number of 
standard membrane formation methods2,3,4. All the lipids used for the formation 
of the model membranes were used as received without further purification. 
The formation of monolayer for analysis by use of BAM followed the protocol 
outline in section 2.3.1, but did not involve the use of a substrate. 
 
2.3.1 Langmuir Deposition – Langmuir Trough 
 
 The formation of the bilayers using a Langmuir Trough was performed 
on a bespoke LB-Trough (Nima Technology, Coventry, UK). The trough has a 
large PTFE dipping area, which accommodates a deep well where the custom 
made neutron cells used in this study can fit, whilst large substrates can be 
dipped both vertically (LB dip) and horizontally (LS). The trough also comprises 
of a system (hardware and software) by which the substrate can be 
automatically levelled parallel to the sub-phase surface, for the LS dip. The 
system scans the water and the substrate, in both x and z directions (y is 
vertical) by use of a laser mounted on a moveable barrier, the results of which 
are processed  by the software and the level of the block adjusted 
appropriately. The adjustment process comprises of an initial scan of the trough 
and the substrate (whilst in the holder suspended above the water surface) 
followed by coarse adjustment of the arm, which holds the substrate. The 
system then proceeds to finely adjust the position of the substrate to ensure 
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2.3.2 Langmuir-Blodgett (LB) Horizontal Dip 
 
 Prior to the spreading and deposition of lipid monolayers, the trough 
was cleaned with chloroform and filled with UPW. If required, a neutron cell 
was also cleaned in the same manner and subsequently placed in the holder 
within the well in the trough. The trough barriers were compressed and a 
pressure-area isotherm obtained in order to assess the cleanliness of the sub-
phase surface, which is UPW unless otherwise stated. A pressure change of 0 
mN/m from the barriers being fully opened to fully compressed was deemed as 
indicator for a clean sub-phase surface. The substrate was lowered into the well 
of the trough for the vertical LB dip. After the substrate was lowered in to the 
trough, the lipid solution was spread on the surface of the UPW. Lipid solutions 
were typically 1 mg/mL solutions in chloroform and typically 300 µL of this 
solution was spread on the trough. Lipids were allowed to equilibrate at the 
surface and the solvent allowed to evaporate for a period of no less than 10 
minutes. A lipid monolayer was then compressed to the required pressure, 
usually around 30 mN/m and at the desired speed, often 50 cm2/min. Once the 
target pressure was reached, the barriers of the trough automatically 
maintained the surface pressure whilst deposition of the lipid monolayer on the 
relevant solid support was carried out. The substrate was mounted 
perpendicular to the surface of the water (and monolayer). When the surface 
pressure stabilised, the substrate was drawn up through the monolayer at speed 
of 5 mm/min. 
 
2.3.3 Langmuir-Schaefer (LS) Vertical Dip  
 
 For a LS dip, the substrate was placed horizontally with the polished face 
parallel to the water surface. For a symmetric bilayer, the lipids existent from 
the LB dip at the water surface were used for the second dip whereas for an 
asymmetric bilayer the trough was thoroughly cleaned prior to formation of a 
second lipid monolayer and the subsequent LS dip. With the substrate mounted, 
the automatic levelling was carried out to orient the substrate parallel to the 
water surface. The lipid monolayer was compressed and held at pressure for 
the duration of the dip. The substrate was lowered at a velocity of 5 mm/min 
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and pushed through the lipid monolayer into the water sub-phase below. The 
substrate was continually lowered until aligned and inserted into the neutron 
cell held in the well of the trough. The neutron cell was finally sealed whilst 
under the UPW surface and stored at room temperature and pressure prior to 
analysis. 
 
2.3.4 Vesicle deposition 
 
 In order to form vesicles, an ultrasonically assisted procedure was 
employed5. Initially, lipid powders were dissolved in chloroform, or another 
appropriate solvent, to a concentration of 1 mg/mL. The lipid concentration was 
precisely recorded for calculations for mixtures. The desired amount of lipid in 
solvent was aliquoted out into an acid bath cleaned, sealable volumetric flask. 
The lipids were stored in sealed volumetric flaks and kept at -20°C to prevent 
solvent evaporation. If a mixture of lipids was required, the individual lipid 
solutions were mixed together at the relevant mass ratios. The solvent was 
then evaporated by use of a stream of nitrogen and the dried lipid mix placed 
under vacuum (1 bar) overnight. Once dry, the lipids were re-suspended with 
UPW or another buffer, to the desired concentration and sonicated. Sonication 
was carried out using a sonicating water bath or a probe sonicator. For 
preparation using a sonicating water bath the temperature of the lipid mixture 
was maintained above the chain melt temperature of the lipid and when using 
probe sonicating the vesicle solution was held in an ice bath. For both 
sonication methods, sonication was maintained until the solution was clear.  
 In order to deposit vesicle solutions directly onto solid substrates, the 
single or mixed lipid vesicle suspensions were injected into a sample cell and left 
to incubate for 1 hour. For neutron reflectivity analysis data was initially 
collected with the vesicle solution still present in the cell, which allowed for 
further incubation for 2 hours.  
 
2.3.5 Lipid Bilayer for Fluorescence Microscopy 
 
 For fluorescence microscopy measurements, the lipid monolayers or 
bilayers were formed in the manner outlined in both section 2.2.1 and 2.2.3. In 
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order to visualise lipid domains, a fluorescent marker, 1,2 –dipalmitoyl-
snglycero-3-phophoethanolamine-x-Texas Red® (Texas Red®-DPPE, Life 
Technologies, Paisley, UK) was dissolved in chloroform, as per the 
manufacturers instructions, at a concentration of 0.5 mg/mL and added to 
relevant lipid mixtures before spreading on the surface of a Langmuir trough (in 
the case of LB/LS bilayers) or before drying (for vesicles). The Texas Red® 
solution was added to the lipid mixtures at a concentration of 1%. The Texas 
Red® solution was stored in darkness at -20°C between uses. Dipping and 
transfer of dye-containing lipid monolayers to a solid support was carried out 
quickly after spreading of the monolayer on the UPW surface and carried out in 
a darkened environment. The lipid mixture was changed for each bilayer leaflet 
(both LB and LS dips), even if the bilayer was symmetrical in nature in order to 
prevent photobleaching of the fluorescent marker. The imaging of these 
membranes by use of fluorescence microscopy is explained in section 2.4.4. 
   
2.4 Characterisation Methods 
 
2.4.1 Contact Angle Analysis 
 
 Contact angle measurements were undertaken using a Krüss Drop 
Shape Analysis System, DSA100 (Krüss ,GmbH, Germany). The analysis was 
carried out using the static sessile drop method. The syringe needle was 
positioned close to the substrate surface (~1mm) and a drop of UPW was 
deposited onto the surface. The drop volume was noted and an image of the 
droplet recorded by the analysis software. The contact angle was calculated 
using the Young-Laplace equation, via the functionality in the DSA100 software 
by analysis of the slope at the three-phase contact point (air: droplet: substrate). 
Analysis of the contact angle was also carried out using Image J7 with the active 
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 2.4.2 Neutron Reflectometry 
  
 Neutron reflectivity profiles were carried out using the SURF time-of-
flight reflectometer at ISIS (Rutherford Appleton Laboratory, UK). Neutron 
wavelengths of 0.5 to 6.8Å were used in the experiments. The collimated 
neutron beam was aligned with the surface of the substrate (both gold and 
silicon) and reflected with the substrates aligned at various angles of incidence 
although generally 0.35°, 0.65° and 1.5°. 
 Samples were made by use of the Langmuir Trough following the 
procedure outlined in section 2.2.2. Once deposited, using an LB and LS dipping 
procedure, substrates were sealed in bespoke neutron reflectivity cell made 
from PEEK, for enhanced chemical resistivity, and with aluminium top and base 
plates for good temperature conductance. The cells were then mounted on the 
beamline and connected to a liquid chromatography pump (L7100 HPLC pump, 
Merck, Hitachi) and 6 port electric valve (Knauer, Germany). This experimental 
set up allowed for different solvents to be injected into the neutron cell either 
individually or as mixtures. Initially, all HPLC lines were cleaned with ethanol 
and excess D2O (Sigma Aldrich, UK) to ensure no contamination was able to 
enter the neutron cell and also to remove any air bubbles in the lines. Once 
clean, the HPLC lines were connected to the neutron cell and D2O pumped 
into the cell at a rate of 1.5 mL/min for approximately 10 minutes to allow full 
solvent exchange (3 mL total cell volume). Solvent exchange throughout the 
experiments was continued in this manner. The neutron cells were also 
connected to a Julabo FP50-MH (Julabo GmbH, Germany) in order to control 
the temperature of the samples during the experiments. During a temperature 
change, the samples were allowed to equilibrate for 20 minutes before data 
acquisition.  
 Reflectivity profiles were studied with various levels of deuteration of 
both the lipids and the solvent. Each sample was run in three different sample 
contrasts, 100% D2O followed by a Silicon Matched Water (SMW, 38% D2O, 
62% H2O) and finally 100% H2O. Prior to data acquisition, the required solvent 
was pumped into the cell using the HPLC pump for 12 minutes at 1.5 mL/min.  
 Once completed, the reflectivity profiles were analysed using RasCAL 
software. RasCAL utilises a layer model to study samples such as lipid bilayers. 
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It does this by classing each of the layers as ‘slabs’. Each slab has it’s own 
properties such as scattering length density (SLD), hydration, thickness and 
roughness. The scattering from each of the different layers was calculated using 
the Parratt Formalism.  The lipid layers were further subdivided into 
hydrophobic tail regions and hydrophilic head regions. The hydrophobic region 
in the centre of the bilayer was also further separated between these two chain 
regions (one from each of the upper and lower leaflets) due to differences in 
the density in this region. RasCAL simultaneously analyses each solvent contrast 
on the principle that some parameters can be shared with each contrast, whilst 
others will be unique to a specific solvent contrast. As some of these properties 
are known, or known within a range, these can be input into the software to 
reduce the range that the software analyses. The initial properties were used to 
provide the software with a simulation of the reflectivity profile of the data 
which was then in-turn directly compared with the experimentally obtained 
profile to give information regarding the sample.  
 Once input the data was fitted by use of a Bayesian approach and the 
likelihood of the fit represented by chi-squared. The chi-squared value was for 
all of the contrasts analysed in that given data set; usually 3, D2O, H2O and 
SMW. From the error calculation it is possible to present each parameter’s 
possible values in a histogram format, with the maximum takien as the best fit 
value5. 
 
 2.4.3 Brewster Angle Microscopy (BAM) 
 
 Lipid monolayers were imaged at the air:water interface by use of a 
Brewster Angle Microscope (Nanofilm_ep3bam, Accurion, GmbH, Germany). 
The BAM used had a 532nm laser and p-polariser and was be fitted with an 
array of lenses, in this case a 10X objective was used unless otherwise stated. 
The equipment was mounted above a bespoke Langmuir trough (Nima 
Technology, UK). For all measurements, the angle of incidence was set to 
53.15° as dictated by the refractive indices of air and water (see section 1.7, 
equation 1.25). The images were taken using a charge-coupled device (CCD) 
camera and the resultant images processed using background subtraction and 
geometric correction using the nanofilm_ep3bam software. Each image 
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represented a trough surface region of interest 535 µm by 430 µm. The 
monolayers were formed at the interface by the methods outlined in section 
2.2.2. For the BAM analysis, monolayers were studied at room temperature, 
unless otherwise stated. 
 
 2.4.4 Fluorescence Microscopy 
 
 Microscopy measurements were undertaken by use of an Olympus 
CKX41 microscope with a 50 W Hg excitation source. The microscope had a 3 
position slide for blue (B), green (G) and ultraviolet (U) excitation along with a 
blank slot. Images were taken by use of QIClick™ (QI Imaging, Canada) and 
QCapture Pro 7 software.  The microscope was equipped with several 
Olympus objectives of x10, x20 and x40 magnification.  
 The samples used in the fluorescence microscopy were silicon 
substrates (Crystran, UK) measuring 5 x 5 x 1 cm, which were highly polished 
with low surface roughness (<5Å) on the (100) face. The substrates were 
functionalised by use of the method highlighted in section 2.3.1. Once 
functionalised it was possible to form either a monolayer or bilayer at the 
substrate interface. For fluorescence imaging, the monolayers were studied in 
air, whilst bilayers were studied using a custom made cell. 
 A bespoke cell used to study the lipid bilayers was made of polyether 
ether ketone (PEEK) as with the neutron cells made previously. One side 
consisted of a thin glass coverslip viewing window to allow imaging of the lipid 
bilayer using the fluorescence microscope. This section of the cell also provided 
inlet and outlet ports, which were used for fluid exchange. The procedure for 
the formation of the lipid bilayer on the surface of the functionalised silicon is 
explained in detail in section 2.2.2. Once the dipping of the bilayer was 
complete, the sample cell was sealed beneath the aqueous sub-phase and used 
immediately for imaging. The base of the cell was aluminium and featured fittings 
to allow for heating control. The cell was then mounted on the microscope 
stage and imaging commenced. Temperature control was exerted by employing 
a Julabo FP50-MH Refrigerated/Heating Circulator (Julabo GmbH, Germany) 
using temperatures between 10°C and 50°C.  
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 2.4.5 Atomic Force Microscopy (AFM) 
 
Atomic force microscopy (AFM) was performed in tapping mode on a 
Dimension 3100 Nanoscope (Vecco). AFM scans were performed of areas 
ranging in size from 25 microns x 25 microns to 100 nm x 100 nm, and over 3 
different areas per sample. All images used in this report are 500nm x 500nm 
unless stated otherwise. Measurements were performed with 512 scan lines, 
amplitude 1.0 V and a scan rate of 0.5 Hz.  The AFM cantilevers used were 
MESP probes (Bruker, California).  !
2.4.6 Surface Plasmon Resonance 
 
Biocore Au-Chips (GE Healthcare) were cleaned using a 2% Hellmanex 
solution prior to use. The clean gold chips were then used in conjunction with 
a Biacore X-100, using phosphate-buffered saline solution pH 7.4, 0.05% 
Tween (polysorbate) 20. The thiolipid (1-oleoyl-2-(16-thiopalmitoyl)-sn-
glycero-3-phosphocholine) (Avanti Polar Lipids, US) was used without further 
purification and dissolved in a 4:1 chloroform:methanol solution at a 
concentration of 1 mg/mL.  The thiolipid was then dried under nitrogen and 
resolubilised as outlined in section 2.2.2.1. The solution was then injected at 5 
µl/min for 10 minutes. Once complete the chip was washed with 1% SDS for 
100 seconds. These two steps were repeated 12 times. The thiolipid binding 
could be seen as an increase in the response units (RU), which was plotted 
versus time. 
2.4.7 Dynamic Light Scattering (DLS) 
Solutions of lipid vesicles were made as discussed in section 2.3.2, 
solutions were made up in ultra pure water (Millipore, 18.2 MΩ/cm) to a 
concentration of 0.1 mg/mL. The vesicle solutions were then decanted into a 
cuvette. The sample was analysed using a Zetasizer Nano ZS (Malvern 
Instruments, UK) and the associated software analysed the sample to give 
information regarding the particle size of the solution.  
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3.0 Floating Bilayers on Gold Surfaces  
 
 The development of the Floating Lipid Bilayer (FLB) system by 
functionalising silicon substrates with silanes attached to a phosphocholine lipid 
head group has provided a robust system in which to effectively study lipid 
bilayers. Although FLBs show high fluidity and provide good coverage lipid 
bilayers by use of Langmuir-Blodgett and Langmuir-Shafer techniques, the 
silanised substrate is challenging to create and generally demonstrates a surface 
coverage up to a maximum of 85%. These characteristics can be problematic 
when developing more complex layers, which include proteins, due to the 
dipping techniques along with the lower surface coverage. It is anticipated that 
the use of a thiolated lipid with a phosphocholine head-group deposited onto 
gold substrates will provide a high coverage layer, which is experimentally less 




The work outlined in this section is in addition to work that has since been 
published and can be found in the following journal article: Hughes, A. V., Holt, 
S. A., Daulton, E., Soliakov, A., Charlton, T. R., Roser, S. J., & Lakey, J. H. (2014). 
High coverage fluid-phase floating lipid bilayers supported by ω-thiolipid self-
assembled monolayers. Journal of The Royal Society Interface, 11(98), 20140447. 
 
Figure 1 is a schematic representation of the process of depositing a 
thiolipid onto a gold substrate and then the deposition of a bilayer on this 
functionalised surface. The steps outlined in this chapter follow the Figure 1 
schematic. 
 
3.2 Thiolated SAM formation 
 
3.2.1 Step 1 – Substrate Preparation 
 




The gold substrates used throughout this thesis were composed of a base of 
'ultra-smooth' silicon, as used in the previous work utilising floating bilayers by 
Hughes et al1. Thus, silicon blocks of the same size and specification were 
purchased directly from the manufacturer, Crystran, and sent to NIST for the 
coating of a thin layer approximately 150Å of gold to be applied to the 
substrate. This deposition was outsourced due to the need for the final 
deposition of gold to be of a very low roughness, which equipment at NIST was 
able to achieve. The gold was evaporated onto silicon via an initial chromium 
adhesion layer, then a gold layer deposited on top. One of the main issues in the 
applicability of gold thin films in surface science is their weak adhesion to inert 
but commonly used glass and silica substrates even using adhesion promoting 
processes, thus oxidative metals such as chromium are used as an intermediate 
layer to enhance gold adhesion. The techniques used for formation of gold 
substrates are well documented in in the literature and known to be successful 
in the formation of uniform gold layers at surfaces with <10Å roughness. Such 
low levels of surface roughness are an essential requirement for neutron 
reflectivity measurements. Prior to any further use, all the gold substrates were 
categorised using neutron reflectivity techniques on the SURF reflectometer at 
ISIS.  
In order to carry out neutron reflectivity characterisation of the 
received substrates, the gold-coated blocks were placed in custom-made 
neutron reflectivity cell (figure 3.2). The neutron cells are made from PEEK, 
which was selected for its excellent mechanical properties and chemical 
resistance, which are retained to high temperatures. The neutron cells also 
feature an aluminium block (figure 3.2a), which incorporates channels to allow 
for heating and cooling of the samples. The PEEK portion of the sample cell is 
the section that comes into contact with the polished gold face of the block 
(and for subsequent measurements, the lipid bilayers) and features a shallow 
'reservoir' spanning the surface area of block in which resides relevant solvents 
and also features channels for solvent exchange. The sample substrates are 
usually fitted into these cells under ultra pure water (UPW), to ensure that 
there are no air bubbles trapped at the liquid:solid interface.  
 





Figure  3.1 Graphical representation of the techniques used 
to form the thiolipid SAM and subsequent lipid bilayer 
 





Figure 3.2 Diagram/Photograph of the PEEK substrate cell. 
 
Once the substrate has been fitted into the neutron cell, the sample cell 
can be mounted onto the beamline via bespoke sample cell holders. 
Subsequently, D2O is pumped into the cell before the first measurement begins. 
The initial sample data collection is performed with D2O as the solvent. 
Literature reports have shown that the use of D2O provides the highest 
contrast between the hydrogenated lipid molecules and the surrounding 
deuterated solvent2.  
  A typical resultant reflectivity profile (figure 3.3) clearly shows the 
distinct regions indicative of the silicon, chromium and gold layers, with each 
respective layer exhibiting a thickness in good agreement with the deposition 
process parameters and data sheet supplied with the substrates. The data was 
obtained after the deposition of the thiol onto the gold substrate, as gold has a 
high surface affinity and even after cleaning attracts high levels of contaminants. 
From the fitted data, (fitted using the protocols outlined in experimental section 
2.4.3 by use of the bespoke RasCAL program), the roughness of the gold upper 
layer is calculated. Table 3.1 provides a full list of the fitted data values for this 
experiment data set; it also includes the 95% confidence interval (CI) values. 
This low roughness value is in the region expected for sputter deposited gold 
layers. For surface studies utilising neutron reflectivity, roughness of 10Å or less 
are desired for neutron reflectivity data acquisition as rougher substrates impact 
on the scattering of the neutrons. Undulating surfaces, or surfaces with high 




roughness can cause the neutron beam to be more highly scattered, which can 
make data analysis and fitting of data more complicated due to the nature of the 
scattered neutrons3.  
 
Table 3.1  Fitted parameter values for thiolipid functionalised gold substrate.  
 
Sample Parameter 
Fitted Values (95% Confidence 
Interval) 
Substrate Roughness (Å) 6.0 (2.2, 9.8) 
Cr Thickness (Å) 58.7 (57.1, 60.3) 
Cr SLD (10-6 Å-2) 3.4 (3.3, 3.4) 
Gold thickness (Å) 140.7 (138.5, 142.7) 
Gold roughness (Å) 9.8 (9.4, 9.9) 
Gold SLD (10-6 Å-2) 4.5 (4.5, 4.5) 
Thiol APM (Å2) 54.6 (48.9, 60.0) 
Waters per head 7.0 (1.4, 13.6) 
Thiol Coverage 0.9 (0.8, 1.0) 
 









Figure 3 .3 Neutron reflectivity profile for thiolipid gold substrate ( top) and scattering 




















 3.2.2 Step 2 – Gold Surface Cleaning  
 
Prior to SAM deposition, each substrate underwent a rigorous cleaning 
protocol to ensure that any potential contaminants were removed from the 
surface and to ensure that a high coverage layer was formed at the surface. In 
previous work, silicon blocks underwent an RCA 1 (SC-1) clean utilising 5 parts 
of deionised H2O, 1 part aqueous NH4OH (ammonium hydroxide, 29% by 
weight of NH3) and1 part of aqueous H2O2 (hydrogen peroxide, 30%), which is 
a standard cleaning procedure for surfaces of this type. The SC-1 base-peroxide 
mixture removes organic residues from silicon surfaces and is also highly 
effective in removing particulates from the surface4.  
 Alternative cleaning strategies such as piranha etches are generally employed 
for the cleaning of gold surfaces due to their ability to remove organic 
contaminants from the surface5. RCA cleaning is often used for the cleaning of 
silicon as the protocol is successful in removing the oxide layer present at the 
surface. Great care should be taken when cleaning gold substrates to ensure 
that the gold layer, or indeed its adhesive layer, is not damaged. When cleaning 
the gold substrates used in this study it was decided, however, that the 
alternative method of UV ozone cleaning would be undertaken. UV ozone has 
previously been successfully employed in the preparation of gold substrates6,7,8. 
The nature of UV ozone cleaning would ensure that any damage to the 15 Å 
thick gold top layer would be prevented or minimised due to the ozone only 
interacting with the organic contaminants at the surface as opposed to the inert 
Au surface. The method can also be successfully applied in the cleaning of silicon 
substrates (see section 2.2.1). An additional subsequent cleaning stage using a 
2% hellmanex solution and a 1% aqueous SDS solution followed afterwards to 
ensure that any remnant organic material was removed from the surface, 
without damaging the gold surface layer. Once these steps were performed the 
gold substrate was washed with copious amounts of UPW to ensure any 
Hellmanex or SDS was removed.  
 After the cleaning stages were complete, a visual inspection of a water 
droplet at the air:gold interface easily revealed if the cleaning regime had been 
successful. For clean gold surfaces, the contact angle of a water droplet at the 




interface should be very small, and thus the droplet very flat9.  Prior to cleaning, 
or if the cleaning protocol had not be successful, the contact angle would be 
very high. The cleanliness of the substrate as a whole can be noted by the 
dewetting of the surface. Upon wetting of the cleaned substrate with UPW, the 
contact angle should be very low, additionally should the block be angled and a 
gentle stream of nitrogen directed along the surface the water at the interface 
should move down the block cleanly and in a straight line. Should droplets 
break away from this line of water, or the line begin to 'drag' in parts, this may 
indicate that the substrate requires further cleaning.  The difference between 
both of these phenomena can easily be noted by visual inspection with the 
naked eye. However, to quantify this difference in surface properties, static 
water contact angle measurements were performed on a substrate prior to and 
post cleaning (figure 3.4).  
 
 
The contact angles were measured using Image J software with the dedicated 
contact angle dropsnake plugin. The resulting images clearly illustrate the change 
in contact angle between both the clean (left image of Figure 3.4) and thiolipid 
functionalised gold substrates (right image in Figure 3.4). The analysis of the 
contact angle was averaged over 4 different regions of the area and standard 
error calculated. This demonstrated that the clean gold had a contact angle of 
6.83° ± 0.26° and the functionalised gold had a contact angle of 54.69° ± 2.50°.  
This change in contact angle between pre and post cleaning procedures is 
Figure 3 .4 Representative contact angle measurement images of gold surfaces after 
cleaning ( left)  and thiolipid deposition ( right).  




consistent with previous literature for clean gold surfaces10 of approximately 
60° for gold substrates with material at the surface or 0-8° for clean substrates. 
 
3.2.3 Step 3 - Initial SAM Layer Formation 
 
 Previous work utilising molecules with functional groups, such as 
phosphocholine, bound to a substrate has provided some success in providing a 
suitable underlying functional surface for deposition of phospholipid bilayers for 
in-depth study.  The work presented throughout this thesis shows the use of 
both silane and thiol based molecules containing a phosphocholine head group 
for deposition on silicon and gold substrates respectively. Silanes have since 
become well documented with a large body of work featuring silane molecules 
with different molecular functionalities11,12.The functionality of the silane 
molecule can be fine tuned for specific interactions by changing the moiety 
attached to the trimethoxysilane group. Furthermore, a range of different 
procedures for SAM deposition, such as solution deposition13 or vapour 
deposition14 have been reported. The use of a chain-like molecule with a silane 
function (to allow binding to the substrate surface) which also possesses a lipid 
based head group is of great appeal for working with lipid bilayers but has only 
been reported a small number of times in the literature15.This type of molecule 
allows for the formation of a sturdy underlying base layer, whilst the lipid-like 
head groups provide a surface on which phospholipids can be deposited onto. 
They also benefit from being one molecule thick, which is beneficial with data 
fitting protocols as they are uncomplicated in comparison with other methods 
for bilayer analysis. Multilayers stacks comprise of many lipid bilayers deposited 
on top of one another. This stacking of layers helps to maintain bilayers fluidity, 
particularly in those layers not in direct contact with the substrate. 
Furthermore, depositing multiple layers of lipids on top of one another can be 
challenging experimentally and damaging the layers is possible. 
The 'floating bilayer' system reported by Hughes et al is based on a lipid 
molecule 1-palmitoyl-2-[16-(acryloyloxy)hexadecanoyl]-sn-glycero-3 
phosphorylcholine in conjunction with 3-(trimethoxysilyl)propyl acrylate  and 
provided the foundation for the work shown in this thesis based on gold 




substrates. This silane system was able to provide a reusable substrate, which 
could be fully characterised prior to sample deposition, upon which lipid 
bilayers could be formed on via a Langmuir Blodgett/Schaeffer dipping process. 
Figure 3.5 shows a reaction scheme for the formation of the alPC SAM and 
figure 3.6, the neutron reflectivity profile obtained from a SAM prepared using 
the same literature method. The sample exhibited a SAM surface coverage of 
51.7%, which is consistent with similar samples analysed by neutron reflectivity. 
Table 3.2 shows the fitted values for the sample. The layer thickness obtained 
was also consistent with the expected chain length of this particular silane 
molecule. 
 
Figure 3 .5 Reaction scheme for the formation of an 
alPC SAM on silicon. 










Figure 3 .6 Neutron reflectivity profile ( top)  and SLD profile of alPC SAM on silicon 
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Table 3.2  Fitted sample parameter values for an alPC SAM.   
Sample Parameter Fitted Values (95% CI) 
Substrate Roughness (Å) 5.8 (3.9, 8.7) 
Oxide Thickness (Å) 19.2 (16.8, 21.7) 
Oxide Hydration  0.3 (0.2, 0.3) 
SAM tail thickness (Å) 17.3 (15.1, 20.2) 
SAM tail SLD (10-7 Å-2) 3.0 (-1.6, 6.6) 
SAM tail hydration 0.1 (0.3, 0.2) 
SAM head thickness (Å) 9.4 (7.0, 11.4) 
SAM head SLD (10-6 Å-2) 1.7 (1.2, 2.0) 
SAM head hydration 0.5 (0.2, 0.7) 
SAM roughness (Å) 9.5 (5.5, 11.6) 
Silane thickness (Å) 2.8 (0.1, 6.5) 
Silane SLD (10-7 Å-2) 9.9 (-3.8, 2.0) 
Silane hydration 0.4 (0.0, 1.0) 
 
 Although silane based SAMs have exhibited promise as supports for 
floating lipid bilayers due to their relatively high surface coverage, low 
roughness and robustness, they can be difficult to produce due to the need for 
complete exclusion of water due to its promotion of silane aggregation during 
the deposition process16. For silane SAMs utilising the alPC molecule it is 
common to see substrate coverage in the region of 75% or lower, the 
characteristic coverage observed for the samples here indicated the presence of 
defect regions within the SAM layer. If the underlying base layer (SAM) has 
defects, these can be further propagated through the bilayer leaflets themselves 
during bilayer formation, resulting in a high defect film17. The presence of 
defects in the bilayer becomes particularly relevance when the need to 
introduce proteins into the bilayer arises, as it can be difficult to resolve the 
structure of the film as the defects can be further emphasised when proteins 
are introduced. The presence of defects within the bilayer can make it difficult 
to elucidate the presence of proteins within the bilayer itself, especially if the 
proteins are pore forming. Should the proteins be pore forming, they form a 
‘hole’ within the bilayer itself. If the bilayer has defects throughout the film 
(which in neutron reflectivity data would be indicated by the presence of 




increased silane hydration), it can be difficult to ascertain from data fitting 
whether the increased hydration and thus lower coverage of the bilayer is due 
to protein pore formation, or due to poor bilayer coverage.  One of the other 
problems faced with the silane SAM system is that to date vesicle deposition has 
been unsuccessful on these functionalised substrates. Unpublished research 
using the silane functionalised SAM substrates demonstrated that the deposition 
of vesicles to the substrate surface was challenging and provided little to no lipid 
bilayer coverage at the substrate surface. Vesicle deposition to form bilayers is 
an attractive method as it allows for a wide range of proteins to be included18. 
The dipping of proteins within a lipid monolayer (each leaflet is dipped as an 
individual monolayer) is problematic and very few proteins can be incorporated 
into a bilayer in this fashion. The use of vesicles to form the bilayer and would 
be a benefit and allow for more complex membranes to be formed at the 
interface (see chapter 5). 
 The thiolipid used in this work was custom synthesised by Avanti Polar 
Lipids and the structure is presented in figure 3.7. From the structure it can be 
seen that the lipid has a thiol group on one of the hydrocarbon chains and a PC 
head-group.  
 
Figure 3.7  Chemical structure of thiolipid molecule. 
 
The deposition of the thiolipid SAM layer consisted of a two-stage 
deposition process. Initially the thiolipid must be activated using TCEP (Tris (2-
carboxyethyl) phosphine hydrochloride) one-hour prior to use. The function of 
TCEP addition is to completely reduce alkyl disulfides as it preferentially 
reduces more strained disulphides19. Once activated, a solution containing the 
activated thiolipid and the detergent mix (1% octylglucopyranoside, 50 mM Tris 
pH=8.0) is the pipetted directly onto the gold surface and left in an ambient 
temperature of 50°C undisturbed for two hours.  The solution should not be 
left to evaporate in this time. Once this stage is complete, the mixture is 




carefully pipetted from the surface of the substrate, the block then rinsed with a 
2% hellmanex solution, followed by a 1% SDS solution and finally copious 
amounts of UPW.  The role of this three stage cleaning process is to remove 
any thiolipids at the surface, which are not directly bound and may impede 
other thiolipid molecules from binding to the surface. Figure 3.3 shows a 
representative neutron reflectivity profile, table 3.1 provides the fitted 
parameters of the data set. The fitted parameter values shows increased thiol 
coverage in comparison to the alPC SAM. In this sample, the thiol demonstrates 
91.2% coverage, far exceeding the 51.7% seen with the alPC SAM in figure 3.6. 
It should also be noted that the roughness of the thiolipid functionalized Au is 
closely matched to the alPC substrates in the region of approximately 10 Å. 
 
 
3.2.4 Steps 4 and 5 – Increased SAM Surface Coverage and    
Unbound Thiol Removal 
 
Following the initial washing stage, the substrate was further incubated 
with the same thiolipid mixture for a further two hours at 50oC. This extra 
incubation period ensured that a high coverage thiolipid layer was present at the 
surface. Surface plasmon resonance (SPR) data was obtained of the thiolipid 
deposition onto comparable gold substrates and revealed that after a period of 
approximately 2 hours an adsorption maximum was reached, this is 
demonstrated by figure 3.8. 
  





Figure 3.9  (top)  Surface plasmon resonance data of thiolipid injected into cell onto a gold 
chip, followed by a wash cycle. This was repeated 12 times. The amount of thiolipid bound after 
each injection was determined by the increase in resonance units each wash; these successive 
values were plotted against injection number (bottom).  
 As seen in figure 3.8 there were repeated injections of the thiolipid 
buffer solution over the duration of the data collection. In total there are 13 
injections each lasting for 600 seconds. After the injection period was 
completed, a rinse step was executed which comprised washing the cells with a 
1% SDS buffer solution. Figure 3.8 shows that upon addition of the thiolipid 
buffer mixture there is a sharp increase in the SPR response and when washing 
with SDS there is a sharp decrease in the response indicating that any thiolipid 
that is not bound to the substrate surface is removed. An increase in bound 
thiolipid can be seen when phosphate-buffered saline is reintroduced into the 
cell and an overall increase in the resonance units (RU) can be seen. This 




indicates that thiolipid has bound to the surface. When full adsorption has 
occurred there is no longer an increase in the resonance units, which can be 
seen in figure 3.8, this occurs at approximately 2 hours.  
 Extrapolating the RU value for each of the thiolipid peaks versus the 
injection number results in figure 3.8 (bottom).  From this response it can be 
determined that the adsorption isotherm of the thiolipids onto the gold 
substrate can be described by a Langmuir adsorption isotherm. The Langmuir 
adsorption isotherm assumes that adsorption is limited to a one molecule thick 
layer at the substrate surface. It also assumes that all deposition sites are 
comparable, and adsorptions sites are independent of one another regardless of 
their occupancy state. This identifies that the adsorption of the thiolipid to the 
substrate is constrained to the formation of a single monolayer at the interface 
and a multilayer has not been formed20. 
 For the experimental deposition, each thiolipid SAM was allowed to 
form over a period of four hours in total, to ensure that the formation of a 
SAM was complete at the substrate surface. Four hours total deposition time 
was selected as it allowed for complete binding of the thiolipid to the substrate 
surface after the first initial wash. If some of the thiolipid molecules were not 
bound to the substrate during the initial deposition period and were 
subsequently washed from the surface during the washing procedure, this 
second two-hour deposition allows for the thiolipid binding to the substrate 
resulting in high coverage SAM formation. The SAM formation by use of thiol 
results in a single monolayer at the substrate surface which does not form 
multilayers. As a result, leaving the deposition to take place over longer time 
periods is not detrimental to the overall formation of a single molecule thick 
layer at the substrate surface. The washing stage allows for the removal of any 
unbound thiolipid, which could potentially block adsorption sites. Due to the 
nature of the adsorption, leaving the substrate exposed to the thiolipid does not 
appear to result in the formation of a multilayer and is not detrimental to the 
integrity of the thiolipid SAM.  This methodology allows for the successful 
formation of high coverage thiolipid SAMs at the gold surface, which are highly 
repeatable. Neutron reflectometry data confirmed that the use of the thiolipid 




on gold layers provides a repeatable high coverage SAMs and the data is 
highlighted in figure 3.8. 
 
3.2.5 Step 6 – Bilayer Formation on Gold SAM Substrates 
 
After the completion of the SAM formation, the substrates were 
thoroughly cleaned with SDS solution, followed by UPW and dried under a 
stream of nitrogen.  The substrates were then stored in dry conditions, until 
required. The lipid bilayers formed on the surface of these substrates were 
formed by use of either Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) 
depositions or by vesicle fusion.  Initial work undertaken was using lipid bilayers 
formed by an LB/LS dipping procedure; vesicle fusion is covered in chapter 5.   
 Prior to lipid bilayer deposition, the substrate was thoroughly cleaned to 
ensure any dust or contaminants were removed from the substrate. This 
cleaning step involved the block being sonicated in ethanol, then acetone and 
finally UPW. The substrates are sonicated in ethanol and acetone to ensure that 
any residual lipids from previous experiments are removed from the substrate 
surface. This cleaning process has shown no detrimental effect on the SAM 
layer, with the SAM layers lasting in the region of 6-9 months. The custom built 
trough was also thoroughly cleaned with chloroform and ethanol, and then 
washed with UPW. This cleaning protocol removed trace lipids and 
contamination from previous use and somewhat crucially ensures that the 
dipped lipid bilayer has the required lipid composition. Each time the trough was 
used for a dipping procedure, a new wilhelmy plate was utilised and the trough 
parameters for dipping recalibrated.  The new wilhelmy plate was sonicated in 
chloroform and allowed to dry fully before use.  New plates were used each 
time to reduce to risk of contamination in the trough. The recalibration process 
involved the alignment of the block in relation to the water surface to ensure 
that when performing the horizontal LS dip that the substrate surface and water 
surface are parallel to each other. Ensuring that the substrate and water surface 
are parallel reduces the risk of the LS dip inadvertently removing some of the 
initial lipid monolayer deposited during the first vertical LB dip.  This levelling 
procedure assists in the formation of high coverage lipid monolayers.   




 After the trough had been cleaned and filled with UPW and the clean 
wilhelmy plate affixed, the trough was allowed to equilibrate.  The pressure 
reading was then zeroed and the barriers compressed.  When the water surface 
was clean, a pressure reading of 0 mN/m would be obtained.  A positive 
pressure measurement would indicate that there were contaminants at the 
water surface causing a decrease in surface tension and hence give an increased 
pressure reading. If the presence of contaminants was indicated at this stage, the 
surface between the two closed barriers was aspirated to remove contaminants 
and the barriers reopened. This method was repeated until a stable reading of 0 
mN/m was obtained to ensure cleanliness. Upon adding the substrate in the 
vertical LB position, this method was repeated to ensure no contaminants have 
been introduced to the trough.  
 Once the trough was confirmed to be clean and the substrate had been 
lowered into the trough, the dipping of the lower leaflet monolayer was 
commenced.  Lipid was slowly added to the trough, with the barriers fully 
opened, and allowed to equilibrate for 15 minutes allowing for the evaporation 
of the solvent solution, usually chloroform, methanol, ethanol or a combination 
of them in which the lipids were stored in.  After 15 minutes, the barriers were 
very slowly compressed so that the lipids formed a coherent packed layer21. 
Using the trough's software it is possible to select the speed of barriers and also 
select a mode, which compresses the barrier to a predetermined pressure and 
maintains it. During both an LB and LS dip the pressure control was selected to 
ensure an even monolayer deposition. If this isn't selected the coverage may be 
affected and regions of high lipid density will form initially and at later stages of 
the dip lower density. Prior to deposition of a lipid monolayer onto a substrate 
an isotherm of the lipid should be obtained and a pressure for deposition 
determined. Once the lipid is pressure controlled at the correct pressure the 
block is slowly drawn horizontally through the lipid layer at the interface. The 
slow speed of 5 mm/min allows for the lipids to slowly be deposited and has 
been shown to reduce disruption to the layer at the interface22 
 Figure 3.9 shows a representative isotherm of an LB dip of DPPC. Figure 
3.9 (top) shows a pressure versus area per molecule isotherm, which depicts 
the compression of the DPPC monolayer and their formation into an ordered 




solid phase monolayer. It then shows the collapse point of the monolayer at 
approximately 60 mN/m. Figure 3.9 (top) also depicts the pressure dependent 
phase changes that the DPPC monolayer goes through until collapse. 
 
 
Figure 3.9  (top)  pressure versus area per molecule isotherm for DPPC which shows 
monolayer collapse and (bottom)  trough area versus time for the LB dip of a DPPC monolayer 












Figure 3.9 (bottom) is a pressure versus area of trough isotherm and thus 
demonstrates that as the block is drawn upwards through the lipid monolayer 
and the molecules deposit onto the substrate, the surface area of the trough 
decreases and the trough maintains the desired pressure. Ideally this isotherm 
should be a straight, flat line and any sharp or large changes in pressure could 
indicate an issue with the deposition.  
 Figure 3.10 shows the isotherm of the horizontal LS dip.  During this 
process the block is levelled to be parallel with the water surface and dipped 
directly downwards to complete the formation of the bilayer.  
  
 
Figure 3.10  Area versus time isotherm for horizontal LS dip using a thiol-SAM gold substrate. 
The pressure versus trough area isotherm is different to the LB dip, 
when the block enters the water the barriers are forced outwards to maintain 
the desired pressure.  The area of the trough is constant up until this point 
showing a stable monolayer at the interface.  When the block enters the water 
there is a slight increase in the pressure, before the barriers have been moved 
outwards under pressure control. Ideally the pressure increase at this point 
should be very small, ideally less than 2 mN/m1. If the pressure change is quite 
large at this point, it could be indicative of material coming away from the LB 
monolayer on the substrate and into the sub-phase. This could be due to the 
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block not being completely parallel which can result in damage to the initial 
monolayer. 
 
3.3 Direct comparison to previous floating bilayer systems 
 
Previous work has comprised of bilayer systems on silicon substrates 
with silane based SAMs1. A direct comparison between the previously reported 
system and the system outlined above was undertaken using a simple, single 
lipid bilayer of DPPC formed on a substrate of both Au and Si by use of a LB/LS 
dip. DPPC was chosen as a candidate lipid as it is a well-characterised system 
for forming bilayers on solid supports.  
 In order to characterise the silane SAMs produced via the published 
procedure, Atomic Force Microscopy (AFM) was used to assess the surface 
roughness of the substrate during deposition. As discussed previously neutron 
reflectivity analysis requires flat surfaces with roughness in the order of 
angstroms. Silane based SAMs should be made under water excluding conditions 
as the presence of water leads to aggregation. 
 AFM analysis of the completed silane lipid SAM showed that the surfaces 
produced exhibited a surface roughness of 0.62 nm ± 0.05 nm. While such 
surfaces are acceptable for use in the production of floating lipid bilayers, it is 
evident that large areas of roughness (defect areas) would be propagated 
through to the bilayer itself meaning that the efficacy of the floating bilayer as a 
more realistic membrane mimic would be reduced. The SAM deposition was 
analysed using AFM at each stage of the deposition process. Figure 3.11 shows, 
from top of bottom, AFM of the RCA 1 cleaned silicon, Si with the initial silane 
molecule deposited and at the bottom the final alPC lipid group attached to the 
silane. The initial surface roughness for the cleaned Si was 0.44 nm ± 0.04 nm. 
This increased with the deposition of the silane molecules to 0.66 nm ± 0.02 nm 
and with the final alPC step this was reduced slightly to 0.62 nm ± 0.05 nm. This 
result indicated that the SAM deposition increases the roughness of the 
substrate.  
Both lipid bilayers were made under the same dipping protocol and 
were compressed at 50 cm2/min to 30mN/m and the substrate drawn up 




through the compressed monolayer at 5mm/min. During the LS dip both 
bilayers were completed by pushing the block through the monolayer, 
horizontally, at 5mm/min. Both sample cells were connected to a HPLC pump 
and temperature control using methods outlined in the experimental section. 
  
 
Figure 3.11  AFM of (top to bottom),  RCA 1 cleaned Si, initial silane deposition onto the Si, 
and completed SAM. From left to right the images depict height, amplitude and phase of the 
substrate. 
 
 The experiments were carried out on the SURF reflectometer at ISIS 
and data was obtained using angles of 0.35, 0.8 and 1.8. This data was then 
overlapped to give a q-range of 1 x10-4 to 0.6Å-1. Both samples were measured 
against D2O, silicon matched water and H2O which was pumped into the cell at 
5 cm3/min. Silicon matched water is a mixture of H2O and D2O with the same 
scattering length density of Silicon (SMW i.e. 0.62 H2O and 0.38 D2O volume 




fractions) and is of particular interest for such analysis so that there is no 
contrast between the underlying silicon substrate and the solvent2. 
 As outlined in section 1.2.3, the alPC SAM formation is a multistage 
process, which involves the deposition of the silane, which is then bound 
through free radical polymerisation to the lipid head group.  As a result of this 
multistage approach, the neutron data is fitted with a 5 layer model consisting of 
the substrate, the oxide layer present on silicon substrates, the silane and the 
lipid tail and head group.  Figure 3.5 shows representative neutron reflectivity 
data and scattering length density (SLD) profile of the alPC functionalised silicon 
for each solvent exchange (D2O, SMW, H2O). From the recorded and analysed 
data, the overall surface coverage of the substrate with the alPC SAM is 51.7%. 
Table 3.4  Fitted parameter values for the thiolipid SAM (table 3.2) and alPC Sam. Highlighted 








Substrate Roughness (Å) 6.039 (2.203, 9.788) Substrate Roughness (Å) 5.799 (3.865, 8.691) 
Cr thickness (Å) 58.712 (57.094, 60.289) Oxide Thickness (Å) 19.200 (16.775, 21.675) 
Cr roughness (Å) 10.488 (6.402, 14.140) Oxide Hydration (Å) 0.255 (0.187, 0.299) 
Cr SLD (10-6 Å-2) 3.359 (3.212, 3.443) SAM tail thickness (Å) 17.306 (15.115, 20.239) 
Gold thickness (Å) 140.8 (138.47, 142.71) SAM tail SLD (10-7 Å-2) 3.049 (-1.556, 6.619) 
Gold roughness (Å) 9.767 (9.355, 9.991) SAM tail hydration 0.064 (0.003, 0.193) 
Gold SLD (10-6 Å-2) 4.819 (4.445, 4.499) SAM head thickness (Å) 9.356 (7.017, 11.366) 
Thiol APM (Å2) 54.611 (48.890, 60.041) SAM head SLD (10-6 Å-2) 1.669 (1.253, 1.981) 
Waters per head 6.956 (1.403, 13.634) SAM head hydration 0.489 (0.189, 0.689) 
Thiol Coverage 0.912 (0.824, 0.992) SAM roughness (Å) 9.502 (5.516, 11.616) 
  Silane thickness (Å) 2.757 (0.111, 6.519) 
  Silane SLD (10-7 Å-2) 9.925 (-3.828, 1.962) 
  Silane hydration 0.483 (0.0340, 0.963) 
 




 By comparison, figure 3.3 shows representative neutron reflectivity data 
from the thiolipid SAM functionalised gold substrate. For the analysis of this 
sample it was found a simpler three-layer model was required, the three layers 
being the Au substrate, Cr adhesive layer and then the thiolipid SAM. The three 
layer model provided good fitting, which the single stage deposition may have 
assisted with, also the lack of an oxide layer as with silicon substrates also 
reduces the number of layers needed within the model. As anticipated, the 
thiolipid sample had a higher SAM coverage than the silicon alPC substrate, with 
the analysis showing 91.2% coverage. Over a course of experiments forming the 
thiolipid SAMs on gold, 8 different samples showed initial coverage in excess of 
90%, with 5 of the samples showing fitted coverage results of 100%. In 
comparison, of the alPC samples made for this thesis, none achieved coverage 
in excess of 65%. The data highlights the thiolipid method as a viable method for 
creating the high coverage SAMs, which is repeatable, whilst offering a more 
facile deposition process. The functionalised silicon samples have consistently 
shown lower coverage, with a more complex and time consuming production 
protocol.  
 Once this initial SAM data was obtained, both samples were dipped in 
the same manner to form a DPPC bilayer at the interface. Both bilayers were 
heated to 50°C, the temperature where one would expect the DPPC bilayer to 
be in the fluid phase23,24. The increase in temperature allows for a comparison in 
phase behaviour of the DPPC bilayer and comparison with previous 
experiments outlined in the literature. Both samples were then analysed using 
the neutron reflectivity protocol as outlined above. Analysis of the data 
provided information regarding the bilayer area per molecule (APM, Å2), the 
bilayer coverage, bilayer roughness (Å) and the central water thickness (Å). 
Figure 3.12 is a schematic representation of each of these characteristics.  





Figure 3.13  Schematic diagram depicting (a)  bilayer roughness, (b)  area per molecule (APM) 
and (c)  central water thickness of a lipid bilayer. 
 The neutron reflectivity data from the DPPC bilayers on the silicon and 
gold functionalised surfaces can be seen in figures 3.13 and 3.14. Both samples 
show high correlation between the coverage of the upper and lower leaflets in 
the bilayer. These characteristics are typical of a DPPC bilayer. In both samples 
the bilayer coverage closely mirrors the coverage of the SAM layer it has been 
deposited on to, indicating the importance of a high coverage SAM layer in the 
formation of a high coverage lipid bilayer. The area per molecule is also closely 
mirrored in both samples, giving values for a fluid DPPC molecule consistent 
with literature reports24,25  






Figure 3.13  DPPC dipped bilayer on thiolipid functionalised gold, (top)  neutron reflectivity 
data, (bottom) SLD. Numbered regions represent 1) Si, 2) Cr, 3) Au, 4) SAM, 5) Central water 























Figure 3.14  DPPC dipped bilayer on alPC SAM, (top)  neutron reflectivity data, (bottom)  
SLD, numbered regions represent 1) Si 2) Oxide layer 3) SAM 4) Central water thickness 5) 
Lipid Bilayer. 
The differences between the two systems are evident when analysing the 
bilayer roughness and the central water thickness, where the central water 
thickness is larger for the alPC functionalised silicon and also the roughness is 
increased in these systems. The increased roughness of the DPPC bilayer on the 
alPC SAM could be due to the SAM layer itself having a lower coverage, and as 
a result the lower leaflet of the bilayer undulates between regions of SAM and 
regions with out SAM present. A schematic of this can be seen in figure 3.13. As 
a result of the roughness in the lower leaflet this is introduced into the upper 
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coverage to begin with, this can be further mirrored in the deposition of DPPC 
to the surface. 
 The central water thickness is determined by a variety of factors, namely 
a balance of attractive electrostatic forces, Van der Waals forces and repulsive 
entropic pressure26. The analysis of the neutron reflectivity data demonstrates 
that although a similar method has been employed by use of a lipid head-group 
based SAM, the use of different substrates and accompanying chemistry has 
resulted in a significant change in this water distance. The DPPC bilayer on the 
alPC SAM has a central water thickness of 25Å# whilst the gold SAM DPPC 
bilayer is much lower at 17Å#which was consistently demonstrated.  
 The data shown above demonstrates that both systems of floating 
bilayers on gold and silicon substrates provide data, which is consistent with 
literature.  The DPPC bilayers on both systems demonstrate properties 
associated with a DPPC bilayer in the fluid phase which has been well 
characterised previously. Although the thiolipid SAM system provides high 
coverage in repeatable experiments, the SAM layer is not as robust as that seen 
with the alPC SAM. The thiolipid SAM is much more easily damaged and 
degrades on much shorter timescales than the alPC layers. alPC SAM layers can 
last over twelve months with little degradation samples formed for study in this 
thesis showed degradation after approximately 3 months. Out of 8 samples 
made 3 showed reduction in SAM coverage, although this wasn’t measured 
quantitatively. More extensive work should cover information regarding the 
degradation of the thiolipid SAM layer. Although this sample degradation can be 
seen as a disadvantage, the gold SAM layers are very easily and quickly formed 
in comparison with the alPC SAMs, they can also be easily removed from the 
sample block by use of UV Ozone cleaning as opposed to the silicon blocks 
having to be sent away for specialised cleaning to remove the SAM layer.  The 
difficulty in the formation of the alPC SAMs is also problematic and the low 
coverage is yet to be attributed to a particular stage in the SAM formation. The 
repeatability of the alPC SAMs is also challenging unlike the thiolipid SAMs, 
which gives consistently high coverage. 
 
 




 3.4 Calcium Salt Addition to Bilayers on Gold and Silicon 
  
The work outlined in section 3.3.1 using silicon functionalised substrates is 
from the thesis of Robert Barker17 (Barker R.D., Floating bilayers on functionalised 
phospholipid surfaces. PhD Thesis (2013) University of Bath, UK), and has been used 
with the agreement of the author, whilst comparison data using gold 
functionalised substrates is experimental work undertaken by the author of this 
thesis (section 3.3.2). 
 
3.4.1 Calcium salt addition to bilayers on functionalised silicon 
 
 Further to the DPPC lipid bilayer work above, a  solution of calcium was 
introduced to the bilayer and the response monitored for various calcium 
concentrations. Previous work studying a DPPC bilayer on a silicon substrate 
functionalised with the alPC SAM showed the bilayer swelled upon the addition 
of the calcium buffer, a behaviour that has previously been seen in 
vesicles27,28,29,30. This responsive swelling behaviour became apparent in neutron 
reflectivity data by way of an increase in the thickness of the bilayer and 
increase in the bilayer roughness.  This experiment, studying the response of a 
DPPC bilayer on an alPC SAM was undertaken by Barker et al. using a range of 
concentrations of Ca2+ solution from 0.1 mmol to 1000mmol at both 20°C and 
50°C17.   
 Figure 3.16 shows graphical representation of the thickness of a DPPC 
bilayer and roughness as a function of the concentration of CaCl2 on an alPC 
functionalised substrate.  






Figure 3.16  (top)  thickness change of a DPPC bilayer as a function of CaCl2 , (bottom)  




From this data it can be seen that the addition of calcium ions causes an 
increase in both the central water thickness and roughness of the bilayer itself.  
There is also an increase in the area per molecule. A concentration of 5mM 
CaCl2 shows the highest change in all of these values, and increasing the 




concentration of the CaCl2 above this value still yields an increase compared 
with the bilayer with no calcium ions present but it is not as significant as the 
5mM solution. 
After the addition of 5 mM of CaCl2, the bilayer appears to show the 
greatest change in the values discussed above. It is hypothesised that the Ca2+ 
cation is able to bind in certain sites within the lipid bilayer, yielding a reduction 
in the number of water molecules per head group from 9.4 to 6.9. As a result of 
the Ca2+ beginning to bind, the lipids begin to rearrange themselves into a more 
sterically favourable arrangement due to the introduction of the positive calcium 
charge within the layer. This rearrangement is manifested as a decrease in the 
area per molecule (59.4 Å#for the bilayer alone to 53.2 Å#at 5 mM). Due to this 
rearrangement of the lipids within the bilayer it is shown as an overall increase 
in thickness of the bilayer. This change is likely due to the tilt angle of the lipids 
changing to a more upright one resulting in the appearance of a thicker lipid 
bilayer31. At this lower concentration of Ca2+ the binding appears to be uneven 
across the bilayer and as a result there are regions of increased thickness 
(where the Ca2+ has bound within the layer resulting in an increased thickness) 
and decreased thickness (Ca2+ binding is not as prevalent). The net result of 
these differing regions is the overall roughness of the bilayer is significantly 
increased from 14 Å# to 37.4 Å. This large increase in the roughness can be 
further associated with the increase in the central water thickness which is 
considerable at 5 mM, an increase of 38.3 Å# from the bilayer with no Ca2+ ions 
present to 81 Å#at 5 mM, due to the increase Helfrich repulsions. 
 As the calcium concentration is increased to 20mM a reverse in the 
trend observed in the concentrations up to 5mM is seen in the central water 
thickness, area per molecule and roughness. The area per molecule in the 
bilayer is increased to 65.6 Å# , which is an increase from the bilayer alone at 
59.5 Å.  There is also a sharp increase in the water molecules per lipid in the tail 
region to 13.5 Å# whilst the number per head group is very similar to the 
number when 5 mM Ca2+ is present (6.9 Å# and 6.1 Å# respectively). This large 
increase in the water molecule per lipid in the tail region whilst showing very 
little change in the head region suggests there is an increase in Ca2+ present in 
the tail region as opposed to water molecules. As expected the area per 




molecule is increased compared with the bilayer without the presence of 
calcium, but shows a decrease to the 5 mM sample. As with the 5 mM sample 
this shows increased interactions between the lipid molecules, but the decrease 
between the 5 mM and 20 mM bilayer indicates that the bilayer has equilibrated 
somewhat and due to steric interactions the APM has reduced. The overall 
roughness of the bilayer is decreased by 11 Å#but still shows an increase of 9.7 
Å# from the bilayer alone, the decrease in roughness is likely due to the calcium 
interactions being more even across the bilayer as a whole, which is supported 
by the increase in Ca2+ ions, resulting in the roughness being more even across 
the bilayer. This reduction in roughness directly impacts on the central water 
thickness, which also decreases and is most probably due to a reduction in the 
roughness, which reduces the Helfrich repulsions. However, both of these 
values are still much higher than the bilayer with no Ca2+ present. The trends 
highlighted by the change from 5 mM to 20 mM calcium solutions continue to 
be demonstrated at 100 mM, 500 mM. 
 At high concentrations of calcium salt, up to 1M, the bilayer behaves 
differently to 100 mM and 500 mM concentrations. Here there is a significant 
decrease in the number of water molecules in both the lipid tail and head region 
whilst, although an increase, there isn’t the equivalent significant change in the 
bilayer roughness. Literature reports suggest that at such high concentrations, 
the bilayer becomes nearly completely dehydrated with Ca2+ ions replacing the 
water within the lipid bilayer27.The central water thickness also shows a 
significant increase. The swelling in the central water thickness is possibly due to 
van der Waals forces opposed to Helfrich repulsion as the overall bilayer 
roughness has not significantly changed. 
 The experiment as outlined above was further repeated at 50°C on a 
DPPC lipid bilayer deposited onto the thiolipid functionalised gold substrate. 
The results of this work can be seen in figure 3.17 and were considerably 
different to those seen with the DPPC bilayer on the alPC SAM. Upon the 
addition of CaCl2 to the bilayer there were no significant changes in the 
thickness and roughness of the bilayer. Even at higher concentrations of 100mM 
the changes in thickness and roughness were negligible in comparison to the 
bilayer on the alPC SAM.  





3.4.2 Calcium salt addition to Bilayers on functionalised Gold 
substrates. 
 
Initial data showing the DPPC bilayer on the thiolipid SAM demonstrated 
that the central water thickness was much smaller than that of a DPPC bilayer 
on the alPC SAM, 17 Å# and 25 Å# respectively.  The thinner central water 
thickness could indicate that there is an increased interaction between the 
bilayer and the substrate, which may result in a loss of fluidity within the layer 
itself.  The reduction in bilayer fluidity could potentially be responsible for the 
reduction in bilayer swelling when using thiolipid gold substrates, as it is more 
difficult for the Ca2+ ions to permeate the layer due to the lack of fluidity.  
Another potential explanation for the decrease in swelling of the DPPC bilayer 
on the thiolipid SAM is that the gold substrates show very high SAM coverage 
compared with the alPC SAMs and as a result the bilayer deposited on the 
surface is also of a very high coverage, typically in excess of 95%.  
 





Figure 3.17 (top)  changes in thickness in a DPPC bilayer as a function of CaCl2, (bottom)  
change in roughness of a DPPC bilayer as a function of CalCl2 concentration on thiolipid 
functionalised gold. 
 
For such high coverage the lipid molecules themselves must form a 
highly organised well-packed layer.  As a result of such densely well packed 
layers, the diffusion of ions such as Ca2+ into the lipid layer would be more 
challenging than in the more sparsely packed, lower coverage layers 
demonstrated in the DPPC bilayer on alPC SAMs.  As the lipid molecules in the 
bilayer are densely packed they are more sterically restricted and diffusion of 
ions into the membrane is not energetically favourable.  As the concentration of 
the calcium ions increases in the solution, the repulsive interactions between 
the calcium ions increases and it is more favourable for the calcium ions to 
diffuse into the lipid bilayer. In a less densely packed bilayer this diffusion point 
would be apparent at lower concentrations as the interactions between 
neighbouring molecules are of a lower energy and it becomes more 









 The use of the floating bilayer model has demonstrated the ability to 
form bilayers on substrates for study using neutron reflectivity. The use of gold 
substrates and functionalising them with a thiolated lipid, provides an alternative 
to the alPC silane SAMs on silicon. The aforementioned work demonstrates 
that both the gold and silicon substrates when functionalised provide substrates 
suitable for lipid bilayer deposition. In the case of alPC functionalised silicon, the 
substrates take in excess of 24 hours to form in the multistage deposition 
technique. Once formed, they have surface coverage often of 85% and below, 
but they are robust and can be repeatedly and reliably used for 12 months or 
more. Thiolipid functionalised gold SAMs can be formed in 4 hours with 
consistently high coverage (>95%). Although the deposition stage is single step 
and deposition occurs quickly, the SAM itself is delicate and the longevity 
impacted as a result. However, due to the thiolipid SAMs providing repeatable 
high coverage samples, they also demonstrate a uniform surface in which to 
study more realistic membranes with the potential inclusion of more complex 
molecules such as proteins. This provides the foundation for more realistic, high 
coverage, biomimetic membranes to be studied. The studies using both alPC 
SAMs and thiolipid SAMs demonstrate that although high coverage lipid bilayers 
could be formed on the thiolipid SAMs, swelling previously seen in literature 
studies on lipid vesicles was not emulated in the DPPC bilayer on the thiolipid 
gold substrate. This, in tandem with the reduced central water layer, could be 
indicative of an increased substrate interaction between the funcationalised gold 
and the lipid bilayer. As a result the fluidity of a bilayer deposited onto a 
thiolipid SAM may be reduced in comparison to those on alPC SAMs or 
vesicles. A compromise between the level of fluidity of the lipid bilayer and the 
coverage must be considered dependent on functionalised substrate choice. 
Consideration should also be given to the experimental details surrounding the 
SAM deposition on the substrate. Thiolipid SAM formation is a one-stage 
process, completed in 4 hours, whereas alPC SAMs take around 24 hours to 
complete the process and require a specialist, anhydrous environment for 
deposition. The use of gold substrates also allows for the potential of further 
development for the incorporation of electrodes into the experimental set up 




for electrochemical studies. Electrochemical studies could be used to investigate 
the changes in the bilayer as potentials, similar to those found in cell 
membranes, are applied. This work highlights that both methods for forming 
functionalised substrates suitable for lipid bilayer studies are appropriate but 
further work to understand the interactions between the functionalised gold 
substrate and the bilayer should be undertaken to assess the impact on the 
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4.0 Lipid Raft Studies 
 
 4.1 Monolayers 
 
 Monolayers of lipids formed at the interface between air and a sub-phase 
such as water are known as a Langmuir monolayer.  In simplest terms they 
consist of a single layer of molecules, which are insoluble in an aqueous sub-
phase. Lipids have intrinsic properties of hydrophilicity and hydrophobicity, 
specifically they have acyl chains, which are hydrophobic, and a hydrophilic head 
group. The amphiphilic properties of such molecules encourage the lipids to self 
assemble into a layer with the hydrophilic head groups interacting with aqueous 
sub-phase and whilst the hydrophobic tail region does not. The result is a layer 
at the interface that is one molecule thick1.  
 At low concentrations, the lipid molecules at the interface are randomly 
distributed on the sub-phase surface. This behaviour reduces the surface energy 
and thus surface tension, which drives the formation of the layer. Water 
molecules within the sub-phase have cohesive forces acting on them from all 
directions from other water molecules present within the sub-phase. There are 
strong attractive intermolecular forces between two water molecules due to 
hydrogen bond interactions between them. The water molecules at the 
air:water sub-phase are 'unbalanced', whereby they only have forces from other 
water molecules interacting with them from the water in the sub-phase and 
from neighbouring water molecules at the surface. As a result, when placing a 
film of molecules at the interface surface, a lowering of the surface energy is 
seen because the surface water molecules now have interactions from all sides2. 
If the molecules are compressed (i.e. the area they are confined within is 
reduced), or alternatively a higher concentration of amphiphilic molecules are 
present at the air:aqueous interface, the molecules will begin to arrange 
themselves in a more ordered fashion. This ordering of molecules gives rise to 
phase transitions, which can be seen by plotting the surface area of the trough 
or the area per molecule versus the surface pressure3-6.  
 Lipid monolayers provide a simple model in which to study the 
interactions of lipids with one another and other molecule present within a 
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biological membrane mimic. Monolayers can provide important information 
with regard to the phase behaviour of lipid mixtures by use of a Langmuir 
trough. The use of a Langmuir trough facilitate control of the monolayer at the 
interface  and the changes in the behaviour of the lipid layer as a function of the 
applied pressure to be recorded as an isotherm. From this isotherm, the point 
at which the different lipids change into different phases, such as gaseous phase, 
liquid-expanded phase and condensed phases can be observed7. Monitoring of a 
lipid layer in this way also allows the pressure at which a lipid monolayer can 
collapse to be quantified. The manipulation of lipid molecules as monolayer films 
in this way is important as it affords precise control over the lipid phase before 
transfer to a solid substrate via dipping. Lipid monolayers are also an important 
lipid membrane leaflet analogue that is useful for study with imaging techniques 
such as Brewster Angle Microscopy (BAM) and fluorescence microscopy 
techniques. Unlike averaging techniques (e.g. neutron reflectivity), these types of 
techniques can discriminate the phase behaviour of lipids within a mixed film. In 
the case of BAM there is no requirement for additional fluorescent lipid dyes, 
and it can be used to monitor changes in the lipid monolayers dependent on a 
variety of factors such as different sub-phases, or the inclusion of proteins 
within the monolayer8. Monolayers can also be deposited directly onto 
substrates and can be studied in air, this additionally allows for study via 
techniques such as Atomic Force Microscopy (AFM). The ability to study these 
samples without the need for specialised liquid cells or high humidity chambers, 
as is necessary with lipid bilayers, allows for experiments to be conducted with 
relatively simple experimental conditions.  Monolayers also provide a less 
complex system on which to study the interactions within a layer, which can 
then be further developed for use within a lipid bilayer model. 
 
 4.1.1 Isotherms 
 
In order to understand the behaviour of lipids as monolayers and 
characterise their behaviour as a film the following work was undertaken. Initial 
monolayer work comprised of monolayers of single lipids, such as 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dipalmitoyl-sn-glycero-3-
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phosphocholine (DPPC), 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 
(DMPG) and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). This was 
further extended to include isotherms of sphingomyelin and cholesterol, 
constituents of lipid raft forming monolayers. When monolayers are 
compressed on a Langmuir trough, an isotherm is obtained, in this case of the 
pressure versus the trough area. Plotting this data can provide valuable 
information with regards to the lipid phase upon compression. 
 Figure 4.1 is an isotherm of DPPC at room temperature. The isotherm 
of DPPC presented shows a barrier compression starting at an initial pressure 
of 0 mN/m up to the monolayer collapse at approximately 62 mN/m.  
 
Figure 4.1  Pressure versus area per molecule isotherm for DPPC. 
 
In Figure 4.1 the different phases deduced from the DPPC are shown. 
Initially, at lower pressure, the DPPC molecules at the air : water interface are 
in the gaseous phase (Figure 4.1 (a)). In the gaseous phase the molecules have 
high intermolecular distances between them and have very little interaction with 
one another. The surface pressure stays low in this gaseous phase. As the 
pressure increases due to the barriers of the Langmuir trough moving closer 
together, a change in gradient can be observed in the isotherm (~ 0-5 mN/m). 
This change in gradient is indicative of the surface lipids engaging in a change of 
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between the lipids thus decrease and their interaction with one another 
increases. This phase is referred to as the liquid expanded phase (Figure 4.1 (b)). 
In this phase, the monolayer now begins to display properties, which one might 
associate with a more solid film. As the barriers are closed further the lipid 
molecules move closer and into the liquid condensed phase (Figure 4.1 (c)). In 
DPPC, this phase change occurs over a large barrier compression, where the 
trough area is reduced by 20 cm3 . This extended phase transition suggests the 
molecules are interacting and moving to different conformation. The gradient of 
the graph at this transition point is flatter than that seen for the transition 
between the gaseous and liquid expanded phase. The change from liquid 
expanded to condensed phases involves the rearrangement of the lipid 
molecules at the interface to a more closely packed arrangement. In 
unsaturated lipids or those with long chain lengths this region can be particularly 
long due to the process of rearrangement of the lipid tail regions. Once in the 
liquid condensed phase the lipids are interacting much more and are now 
packed together in a more solid manner. The lipids can still freely rotate, hence 
the liquid condensed phase, but the interaction between neighbouring molecules 
results in short range order within the layer. As the pressure is further 
increased the packing becomes increasingly more ordered and the level of free 
rotation of the monolayer reduces quickly. This results in a very steep gradient 
of the isotherm in this region. The monolayer is now in a solid phase (Figure 4.1 
(d)) and the lipid molecules are now packed closely, as though in a solid. Due to 
this tight packing of the molecules at the interface the levels of interaction 
between each molecule are high. If the barriers are closed further, the 
molecules will continue to move closer together until monolayer collapse 
(Figure 4.1 (e)). At this stage the monolayer films begin to stack up on top of 
one another forming multilayers. 
 Each lipid has it’s own distinctive isotherm with features as described as 
above. These features vary lipid-to-lipid depending on the head-group, charge 
and chain length of the molecule, as these effect the ability of the individual lipid 
molecules to interact with one another11,12. To demonstrate this lipid specific 
behaviour Figure 4.2 shows isotherms of POPC, sphingomyelin and cholesterol 
plotted on the same graph to compare and contrast their interactions as a 
monolayer. 
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Figure 4.2  Pressure area isotherms of POPC (sol id l ine) ,  Sphingomyelin (dashed l ine)  
and cholesterol (dot and dashed l ine)  
 
 The isotherm of POPC (solid line) shows a smooth curve, where the lift 
off point from the isotherm, where the isotherm pressure is now above 0 
mN/m, is 120 Å2. Unlike DPPC, POPC does not show any definitive phase 
transitions, indicating that there is only one phase present. POPC is an 
unsaturated lipid and the extra axis of movement about the double bond in one 
of it’s chains means the more condensed phases are not as apparent due to 
there being more movement around the unsaturated double bond in one of it’s 
hydrocarbon chains. Sphingomyelin follows a similar isotherm as DPPC, with 
distinct phase regions of liquid and condensed phases being apparent. The 
collapse of the monolayer of sphingomyelin occurs at around 60 mN/m, 
indicating that the layers have high structure and pack well at the air:water 
interface. In comparison, POPC’s collapse point is much lower at approximately 
45 mN/m. The final lipid isotherm depicted in Figure 4.2 is that of cholesterol. 
The first notable difference between cholesterol’s isotherm and that of POPC 
and sphingomyelin is that the lift off point is under 40 Å2. Cholesterol is much 
smaller than both POPC and Sphingomyelin and as a result the area per 
molecule of the monolayer collapse is much smaller at 34 Å2 which is consistent 
with the literature13,14. The compression of the monolayer at the surface is very 
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rapid due to the very rigid nature of cholesterol restricting the conformations 
and packing of the monolayer and as a result the monolayer very quickly goes 
into collapse.  
 The isotherms presented above all vary due the intrinsic properties of 
the lipid molecules themselves. POPC as shown in Figure 4.2 has an unsaturated 
bond in one of its two chains. The unsaturated nature of POPC causes more 
disorder in the monolayer due to the rotation around the double bond, as a 
result films of unsaturated lipids are generally not as highly packed as those of 
saturated lipids. This is demonstrated by comparison of the isotherm of POPC 
and sphingomyelin, where collapse takes place at much higher area per molecule 
for POPC than sphingomyelin, because POPC molecules are not able to pack as 
well as sphingomyelin at the interface. Cholesterol is a smaller molecule than 
both POPC and sphingomyelin, but due to it’s rigid structure (formed of several 
ring structures), when compressed the molecules are restricted in the way they 
can pack at the interface and collapse occurs much more quickly than seen in 
POPC and sphingomyelin.  
 Combinations of an unsaturated lipid, saturated lipid and a sterol are 
known as lipid raft mixtures and have been discussed in depth in section 1.1.2. 
Figure 4.3 presents additional isotherms of two lipid mixtures; 
POPC:Sphingomyelin:Cholesterol and for comparison, POPC and 
Sphingomyelin. The two mixtures had POPC:Sphingomyelin in a ratio of 9:1 
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Figure 4.3  Representative pressure area isotherms of POPC (sol id black l ine) , 
Sphingomyelin (dashed black l ine) , 9:1 POPC:Sphingomyelin 10% Cholesterol (blue dotted 
l ine) , 1:9 POPC:Sphingomyelin 10% Cholesterol (grey dotted l ine)  
 
As one might expect, the isotherm for each of the lipid mixtures 
resembles the characteristic isotherm of the component, which has the highest 
percentage concentration. For example, the 9:1 mixture exhibits a shape similar 
to that of POPC, with a smooth curve throughout and a similar collapse 
pressure of 45 mN/m (POPC: 44 mN/m). The most notable difference between 
the 9:1 mixture and the POPC film is the area per molecule values for lift off 
and collapse, of 151 Å2 and 89 Å2 compared with the pure POPC film values of 
124 Å2 and 65 Å2 respectively. This difference in area per molecule is most likely 
due to a considerable change in lipid packing at the interface. Low levels of 
cholesterol and sphingomyelin in the monolayer could introduce further 
disorder into the unsaturated chains of the POPC monolayer and as a result the 
lipid monolayer collapses at a higher area per molecule than the pure film. 
 As with the 9:1 POPC:Sphingomyelin mixture, the 1:9 mixture most 
closely resembles that of the pure sphingomyelin isotherm. In the lower area 
per molecule region of the isotherm, the mixed monolayer does not show the 
liquid expanded – liquid condensed phase transition as seen in pure 
sphingomyelin. This section of the isotherm more closely resembles that of 
POPC as a smooth curve. As the area per molecule is reduced, a phase 
transition is seen at approximately 41 mN/m, which appears to be the 
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monolayer moving into a more condensed phase. This region is at a much 
higher pressure than seen in sphingomyelin, which could be due to the presence 
of POPC in the layer adding disorder to the monolayer and also the inclusion of 
cholesterol forming a more condensed phase at much lower area per molecule. 
The area per molecule shift of the isotherm can further demonstrate this effect. 
The lift off point of the 1:9 mixture isotherm is much lower, at 87 Å2 whilst 
collapse occurs at 35 Å2. The pressure at which collapse occurs is also 
considerably higher at 74 mN/m. A higher collapse value could be due to the 
cholesterol in the film, which has a preference for incorporating itself into the 
saturated chain region, integrating with the sphingomyelin tail region15. As a 
result of cholesterol integrating itself within the sphingomyelin tail region a well-
packed lipid monolayer is created, with collapse occurring at a smaller area per 
molecule and high pressure. 
 Further work was then undertaken to analyse a range of 
POPC:Sphingomyelin:Cholesterol mixtures, which all contained 10% 
cholesterol. 10% Cholesterol was selected because previous work in the 
literature on lipid domains formation was at this concentration16,17. Figure 4.4 is 
a pressure versus area plot of POPC:Sphingomylein mixtures at ratios of: 9:1, 
8:2, 7:3, 6:4, 5:5, 4:6, 3:7, 2:8, 1:9.  
 
Figure 4.4  Surface pressure isotherms of all the lipid ratio mixes. All mixes contain 10% 
cholesterol. 9:1 POPC:Sphingomyelin (blue dash) , 8:2 (blue sol id l ine) , 7:3 (green dash) , 
6:4 (sol id green) , 5:5 (orange dashed) , 4:5 (sol id orange) , 3:7 (purple dash), 2:8 (sol id 
purple)  and 1:9 (grey sol id) . All isotherms were taken at room temperature. 
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From the POPC:Sphingomylein mixtures at different ratios, features 
such as the phase transition seen in the 1:9 mixture of sphingomyelin are  
observed in only the mixtures with significantly more sphingomyelin present – 
1:9, 2:8, 3:7. Samples with a ratio of sphingomyelin of 4:6 (POPC:Sphingomyelin) 
and less demonstrate an isotherm similar to that of POPC, which shows no 
distinct phase transitions in its isotherm. The 1:9, 2:8, 3:7 mixtures feature this 
phase transition region, but both 2:8 and 3:7 mixtures appear to collapse in this 
final phase and the final phase is of a less severe gradient than that of the 1:9 
mixture. Interestingly, the 3:7 mixture displays an extended phase transition and 
the collapse occurs at a much lower area per molecule than demonstrated in 
the 2:8 and 1:9 mixtures. A comparison of these three isotherms demonstrates 
very small changes in the area per molecule between them, but all three occur 
at the lowest values seen in this data set. As the cholesterol is kept constant in 
all of the samples it suggests that the increased levels of sphingomyelin and thus 
the decreasing of the POPC content encourages the formation of more closely 
packed lipid monolayers.  
 Monolayers with lower levels of sphingomyelin present collapse 
pressures of around 50 mN/m.  The decrease in POPC present in these 
mixtures appears to promote a linear relationship with the average area per 
molecule seen for both the lift off point and monolayer collapse. This result 
indicates that the monolayer is tending towards behaviour of pure 
sphingomyelin with increasing concentrations, but that the monolayer as a 
whole is maintaining phase transitions similar to that of POPC. These results 
indicate a critical concentration value for sphingomyelin (~3:7) where there is a 
change in the isotherm shape, hence monolayer behaviour, and a phase 
transition is evident. 
 The work outlined in this section demonstrates that changes in 
composition of the lipid monolayer can have considerable influence on the 
packing of the lipid molecules at the interface and hence behaviour of the whole 
monolayer. The interactions between the lipids present appear to demonstrate 
critical concentration points, particularly for sphingomyelin, where the 
concentration present impacts the phase transitions of the monolayer 
significantly.  
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  4.1.2 BAM 
 
 Brewster Angle Microscopy (BAM) was employed as a non-intrusive 
technique for the study of lipid monolayers at the air:water interface. While 
isotherms give an indication of the contribution of different lipids to the 
behaviour of the a monolayer, BAM allows direct imaging of any phase 
behaviour within a monolayer. In this chapter, a variety of monolayers have 
been studied by BAM and information regarding domain formation within these 
monolayers has been obtained. One of the beneficial features of BAM is not 
only can it be undertaken at the air:water interface, but that no additional 
molecules, such as fluorescent markers, are needed. Work in a later section of 
this chapter will address the addition of a fluorescent marker to a lipid raft 
forming mixture and it’s effects on the monolayer. The principles by which BAM 
works are discussed in section 1.7. Initial work was undertaken on a simple 
DMPC:DSPC monolayer at the air:water interface as the domain features have 
been characterised previously18. Imaging of the monolayer was performed on a 
Langmuir Blodgett trough mounted on a stage suitable for the BAM microscope. 
DMPC and DSPC were mixed in a ratio of 55:45 prior to being deposited at the 
air:water interface. Once deposited, the solvent (chloroform) was allowed to 
evaporate for 10 minutes, and compression of the monolayer was undertaken. 
Images of the resultant monolayer were taken at compressions pressures of 5 
mN/m, 10 mN/m, 12 mN/m, 20 mN/m, 25 mN/m and also 30 mN/m. The 
images are 430 µm by 320 µm in size with a resolution of 2 µm. When quoted, 
the number of domains featured in an image was calculated by choosing a ‘field 
of view’ area and counting the domains present in that region, which was then 
averaged over the image as a whole. This counting method provides an estimate 
of the number of domains present. 
 Figure 4.5 shows the BAM images obtained from the DMPC:DSPC 
mixture at the air:water interface. The bright (or lighter in appearance) regions 
in the images represent the more condensed phases present, due to the change 
in refractive index brought about by lipids being present at the interface (the 
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Brewster angle condition is no longer satisfied and light is now reflected and 
captured by the CCD camera).  
 
Figure 4.5  BAM images of DMPC:DSPC in a ratio 55:45, (a)  5 mN/m, (b)  10 mN/m, (c)  12 
mN/m, (d)  20 mN/m, (e)  25 mN/m and (f )  30 mN/m. Each image represents an area of 535 x 
430 μm. 
 
The first image (figure 4.5 a) is of a monolayer at a pressure of 5 mN/m. 
From the image it is immediately apparent that there are defined areas of more 
condensed lipid phase resulting in bright features, and then darker regions of 
lipids in a more fluid phase. In this sample, DMPC is the more fluid of the lipids 
with a transition temperature of 23.9° 18, close to room temperature, whilst 
DSPC, which has a transition temperature of 54.9° 18 and as a result should be 
more condensed at room temperature, thus being the darker regions of the 
images. The size of the domains at 5 mN/m ranges from 2 µm to 25 µm, with 
domains ranging in shape. Although many of the domains are circular in shape, 
there are larger domains, which are more unusual in shape. The average 
number of domains featured in this image was approximately 900.  
 Upon increasing the pressure to 10 mN/m, (figure 4.5 b) the domain 
structure of the two lipids still persisted. At this pressure the domains appear 
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more ordered, in both size and in shape, being uniform in size and more 
circular. The larger domains seen at 5 mN/m, which were unusual in shape, 
were no longer present, with a domain size of between 5 and 10 µm, 
demonstrating the more uniform size distribution of the domains. It was 
estimated that there were 1200 domains featured in this image, a significant 
increase to that seen in the 5 mM/m. As a result, the spatial separation of the 
domains was decreased, forming what appears to be a more uniform monolayer 
than at 5 mM/m. As the pressure is further increased to 12 mN/m (figure 4.5 c), 
the size of the domains increases to approximately 10 µm, which appears 
consistent over the whole of the monolayer in the image. As a result there is a 
reduction in the number of domains to 1040 from the value of 1200 at 10 
mN/m. The bright, condensed phase domains appear to now increasing in 
average area in comparison with the dark fluid region. As the pressure 
increases, the DMPC fluid region of the monolayer is becoming more 
condensed and as a result in prevalence of the light region across the image. 
 At 20 mN/m (figure 4.5 d), the domain size and structure appears to 
change considerably from that seen at 12 mN/m and 10 mN/m. At 20 mN/m 
the domain shape no longer appears to be uniform and there is a resultant 
increase in the size of domains in the monolayer to 7 – 15 µm. Some of the 
domains featured in the monolayer appear to be coalescing with neighbouring 
domains to form much larger domain structures. The number of domains in the 
image reduced considerably to ~864. The monolayer appears to have 
undergone a change in phase, which has resulted in the reduced numbers of 
domains but  increased the domain sizes due to  merging of neighbouring 
domain regions. At 25 mN/m (figure 4.5 e) a further dramatic change of domain 
size and structure can be seen. The domain size is reduced significantly with 
large numbers of domains in the region of 2 µm in diameter; similar in size to 
those seen at pressures of 5mM/m. The numbers of domains present also 
increased to ~1700. Once the pressure was increased beyond 30 mN/m (figure 
4.5 f), the images became more uniformly bright, indicating that the monolayer 
was moving into one single phase. 
 After the study of a simple two lipid composition, the investigation of a 
ternary lipid raft mixture was undertaken to understand the interaction 
between lipids in a ternary lipid raft mixture. The first mixture was a 1:1:1 
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POPC:Sphingomyelin:Cholesterol mixture. The initial images were taken at very 
low pressures, ranging from 1 mN/m to 10 mN/m, figure 4.6 shows the images 
obtained.  
 
Figure 4.6  BAM images of 1:1:1 POPC:Sphingomyelin:Cholesterol, (top row, left to r ight)  
1mN/m, 2 mN/m, 3mN/m, 4 mN/m, 5mN/m, (bottom row, left to r ight)  6 mN/m, 7 mN/m, 
8 mN/m, 9 mN/m, 10 mN/m. 
 
Even at the very low pressure of 1 mN/m the 1:1:1 mixture exhibits 
domains very different to those seen in the DMPC:DSPC mixture. The domains 
are large (10-84 µm) and highly circular, being also very well defined. The bright 
regions of the image are the sphingomyelin and cholesterol, as sphingomyelin 
possess two saturated lipid tails as opposed to POPC which has one 
unsaturated chain and forms more disordered films. Cholesterol has a high 
affinity for saturated tail regions, much like those found in sphingomyelin and 
will associate itself within these regions15. This migration of cholesterol further 
enhances the rigid nature of these regions, potentially explaining why the 
domains appear well formed at low pressures. As the pressure is increased to 2 
mN/m, large domains of a similar size to those seen at 1 mN/m are evident. It 
should be noted that there were also small sized domains present with a size 
range of approximately 8-65 µm. The smaller domains were still highly circular 
as seen at lower pressures.  As the pressure was increased to 3, 4 and 5 mN/m, 
a similar trend of highly spherical, smaller domain sizes occurred whilst there 
was an overall increase in the domain numbers.  
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 At 6 mN/m there was a considerable change in the appearance of the 
monolayer. At this pressure there was a region of bright domains on a dark 
background, with a very clearly defined border line and a bright background 
with dark domains. The domains, whether dark or bright, still exhibited highly 
circular shapes, but there were an increasing number of very small domains < 2 
µm in size. The structure of bands of one phase containing domains of the other 
is seen at 7 mN/m, with 3 bands evident in the image. Yet again, there was an 
increase in the number of much smaller domains within the individual bands, 
with many being less than 2 µm in size. The band structure is far more 
pronounced, with larger areas of the ‘background’ lipid being visible, as opposed 
to the domains. 
 At 8 mN/m the band structure seen at 6 and 7 mN/m is no longer 
present, which may indicate that the formation of the bands is in very specific 
regions of the monolayer rather than as a feature, which is uniform across the 
monolayer. The domain structure resembles that seen at lower pressures, with 
bright domains on a dark background. Larger domains with sizes ranging from 
10 µm to 55 µm are present, retaining the highly circular shape. As the pressure 
is increased to 9 and finally 10 mN/m more closely packed domains were seen. 
Above 10 mN/m the monolayer is difficult to image as the predominant feature 
is solid bright regions, indicating that a phase transition for all lipids has 
occurred, and a single phase monolayer has been formed.  
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Figure 4.7 BAM images of the 2:1:1 POPC:Sphingomyelin:Cholesterol mix, (top row, left to 
r ight)  1 mN/m, 2mN/m, 3 mN/m, (bottom, left to r ight)  4 mN/m, 5 mN/m, 7 mN/m, 
8mN/m. 
 
Changing the composition of the ternary mixture should induce changes 
in the domains seen at the air:water interface. For this reason a study of 2:1:1 
POPC:Sphingomyelin:Cholesterol was performed at the same pressures as the 
1:1:1 mixture, figure 4.7 shows the BAM obtained of the 2:1:1 mixture. At 1 
mN/m the 2:1:1 monolayer exhibits similar features to those seen at 7 mN/m 
for the 1:1:1 mixture. There is a very distinct band structure in the image, which 
had previously seen in the 1:1:1 mixture. The dark domains on the bright 
background are highly circular, but exhibit much more varied sizes than those 
seen in the 1:1:1 sample. The domains in this sample ranged from 5 µm to 72 
µm, with a higher proportion of the domains being at the lower end of this size 
range. The number of domains present far exceeds that seen in the 1 mN/m 
image obtained from the 1:1:1 sample which showed 96 domains on average 
compared to 464 for this sample. As the pressure is increased to 2 mN/m, the 
band-like structure can still be seen, although bright domains on dark 
background were more prevalent. The domain sizes were still very varied, 
although the number of larger domains increased, compared with the number 
seen at 1 mN/m. This contrast was further enhanced at 3 mN/m, where a clear 
line defining the two different phases can be seen and regions of bright with 
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dark domains and dark with bright domains visible. The domains were smaller in 
size, ranging between 2 µm and 60 µm with an increase in the overall numbers 
to 272. As the pressure was increased, the band structure was still visible, but 
the number and size of domains decreased in each instance. At 4 and 7 mN/m 
there appear to be domains within much larger domains. At 8 mN/m the bands 
are more uniform in appearance, with very small (< 2 µm) domains present. 
Above 8mN/m the film appears uniformly bright, indicating a single phase at the 
interface.  
 A further sample was studied via BAM to investigate the behaviour of a 
monolayer film upon reduction of the amount of cholesterol present. The 
mixture selected was a 1:1 mixture of POPC:Sphingomyelin, which contained 
20% cholesterol overall (previous samples contained 33.3% and 25%) (figure 
4.8). At 1 mN/m it is evident that the film structure is considerably different to 
the two samples seen previously. The domains are much smaller than those 
seen before, with most sub 2 µm in diameter. The domains also appear 
inverted, in that the domains are dark on a bright background.  
As the pressure is increased, some larger dark domains were observed, 
but the majority were smaller in size. Throughout all the pressures imaged with 
a 1:1 POPC:Sphingomylein with 20% cholesterol mixture have all have 
demonstrated high numbers of domains (1600 to 2000), exceeding the numbers 
seen with the samples with higher levels of cholesterol present. At 9, 10 and 11 
mN/m, the numbers of larger domains increased, which indicates a phase 
change occurring and the lipids in the monolayer re-ordering themselves. As 
seen in the 2:1:1 mixture, some of the large expanded phase domains appear to 
have small-condensed phase domains located within them. The pressure of this 
particular monolayer could be increased successfully beyond 10 mN/m up to 12 
mN/m before persistence of a uniform, bright single-phase monolayer occurred. 
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Figure 4.8  BAM images of 2:2:1 POPC:Sphingomylein:Cholesterol, (top row, left to r ight)  
1 mN/m, 2 mN/m, 3 mN/m, (second row)  4 mN/m, 5 mN/m, 6 mN/m, (third row)  7 mN/m, 
8 mN/m, 9 mN/m, (bottom row)  10 mN/m, 11 mN/m, 12 mN/m. 
 
 
 Changes in the domain size and shape can be indicative of a phase 
boundary for a specific lipid mixture16,17,19,20. Studies of phases seen in lipid 
vesicles have resulted in the formation of phase diagrams16,17,19,20, as shown in 
figure 4.9. One of the studies undertaken by Veatch et al was the study of phase 
transition pressures of lipid monolayers as a function of the percentage of 
Chapter 4: Lipid Raft Studies 
 133 
cholesterol content21. In the figure, the point at which a monolayer undertakes a 
phase transition as a function of the cholesterol content is highlighted. The lipid 
used in the study were 18:1 PC, 18:0 PC and cholesterol as opposed to the 
POPC:Sphingomyelin:Cholesterol mixture used in this chapter, in addition, a 
fluorescent tagged molecule (covered later in this chapter) was utilised in their 
study.  
 
Figure 4.9  Giant vesicles of DOPC/PSM/Chol at 25 °C. Vesicles were imaged before domains 
fully coalesce, and compositions are mole fractions. By examining the fraction of bright and dark 
phases in vesicles, we estimate that the dark liquid phase is rich in PSM and Chol, while the 
bright liquid phase is rich in DOPC. The same trend is evident in POPC=PSM=Chol (not 
shown). Scale bars are 20 µm60.  
 
 
 In comparison with the data from Veatch et al in figure 4.10, the 
transition pressures are lower than those seen in their study. This difference is 
likely due to the difference in molecules (their use of an alternative PC 
molecule, rather than sphingomyelin) and also the presence of fluorescent 
markers.  
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Figure 4.10 Comparison plot of data from Veatch and Keller (triangles) with the mixtures used 
in this study (cross) 21. 
 
An inverse of phases was also noted in the study Veatch et al undertook, 
which referred to as a transition between α and β phases. The α region showed 
coexisting dark and bright regions, with dark domains on a bright background. β 
phases demonstrate the opposite and feature bright domains on a dark 
background, the domains are also smaller in this region compared with those in 
the α phase. This type of lipid behaviour was seen in the ternary raft mixtures 
used in this study. A difference in the size of domains was clearly seen in the 1:1 
mixture with 20% cholesterol, compared with the two previous samples. The 
transition is seen in the Veatch study between 50 to 55 mol% cholesterol, 
where as here it was seen at much lower cholesterol concentration of 33.3%.  
Figure 4.10 shows a comparison plot from Veatch et al with the results of the 
monolayer composition work overlaid, shown here with crosses. The diagram 
demonstrates that the transition pressure of the monolayer is considerably 
lower than the transition pressure shown in the vesicle work of Veatch et al and 
also appears to change as function of the mole percentage of cholesterol, unlike 
in the Veatch study. 
 The work presented here in comparison with Veatch et al demonstrates 
that the compositional make up of a monolayer has implications with regard to 
the domain sizing and formation, particularly as a function of pressure. The 
impact of these domain sizes may be significant in the formation of bilayers, and 
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4.2 More Complex Models – Lipid Raft Mixtures 
  
 Lipid membranes are highly complex membranes, which are made from 
a variety of constituent parts. Eukaryotic cells predominantly contain 3 types of 
lipid, glycerophospholipids, sphingolipids and sterols. Glycerophospholipids have 
a hydrophilic head group attached to two acyl chains. As with other lipids, the 
head-group section is hydrophilic whilst the acyl chain region is hydrophobic.. 
The head group itself is based on glycerol, hence the designation 
glycerophospholipids. Sphingolipids have a sphingoid backbone, and are based 
on ceramide structures as opposed to glycerol, with the head group being 
either carbohydrate or phosphocholine based. Much like glycerophospholipids, 
sphingolipids they can feature two acyl chains, generally both being fully 
saturated. Cholesterol is the most commonly found sterol in eukaryotic cell 
membranes, consisting of a four-ring structure with a short hydrocarbon chain.  
As with the glycerophopholipids and sphingolipids, this forms regions of 
hydrophobicity and hydrophilicity in a membrane from the hydrocarbon chain 
and hydroxyl group respectively.  
 This mixture of glycerolipids, sphingolipids and sterols is thought to give 
rise to the formation of so called ‘lipid rafts’, although it is an area of much 
debate22-28. In simple terms, these rafts form due to areas of different fluidity 
within a membrane29. The fluidity differences occur due to differences in 
saturated and unsaturated lipids present and also the cholesterol content of the 
membrane. This phase separation of lipids occurs spontaneously and shows 
stability over time. The ‘rafts’! themselves are composed of sphingolipids and 
cholesterol, which forms a liquid ordered phase which is more rigidly packed 
than the surrounding liquid disordered glycerophospholipid phase. This rigidity 
is thought to occur due to the preference cholesterol has for sitting between 
the hydrophobic chain regions within a bilayer, rather than within the head 
groups. This preference is driven by it’s hydrophobic tail region, lodging itself 
well within the hydrophobic chains of other lipids, which are ‘protected’!and the 
hydrophilic hydroxyl group can be solvated along with the other lipid’s 
headgroups34. Cholesterol also moves rapidly between the two leaflets within a 
lipid bilayer (called a ‘flip-flop’! motion), occurring much faster in cholesterol 
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than other lipids with a half life of under 3 seconds at 37°C. Typically this 
exchange takes hours or days in other lipids30,31.  
 Cholesterol also has a preference for saturated acyl chains. Resulting in 
the cholesterol packing itself between the saturated acyl chains of the 
sphingolipids, and hence increased raft stability. Research has shown a dramatic 
increase the amount of cholesterol present in these raft regions32. The resultant 
domain like structure has been seen in both vesicle and planar bilayers by use of 
techniques such as Atomic Force Microscopy (AFM)33,34,35 and fluorescence 
microscopy36,37. The presence of cholesterol appears to be integral to the 
formation of lipid rafts and should cholesterol not be present, the lipid raft 
domain structures are not present with the lipids appearing to revert back to 
one phase throughout.  
 Interestingly, AFM images of lipid raft mixtures have demonstrated that 
there is a distinct height difference between the rafts and the surrounding lipids 
in the region of 1nm38. This apparent difference can be accounted for by the 
saturated sphingolipid chains existing in a more upright rigid phase, further 
compounded by the cholesterol inserting itself between the sphingolipid chains. 
It is well understood that unsaturated lipids generally give rise to more 
disordered phases due to their acyl chains being less restricted than saturated 
lipids. This results in their acyl chains having a greater range of movement than 
those of saturated lipids and manifests itself in more disordered phases.  
 Lipid rafts within membranes are thought to be involved in protein 
sorting, membrane trafficking, cell migration, cell adhesion and also signalling39-44. 
Although the mechanism by which lipid rafts facilitate such interactions is not 
well understood, phenomena such as phase separation which give rise to lipid 
rafts could be responsible for the membrane’s ability to sort proteins45,.  
Certain proteins have a preference for liquid ordered phases, whilst others have 
affinity for liquid disordered phases, allowing the membrane to sort proteins 
through their affinity for certain phase types. As a result interactions between 
some proteins can be actively facilitated and not others e.g. those present 
within the liquid ordered raft structures may be able to interact with one 
another but not with those associated with the liquid disordered lipid phase. 
The difference in thickness between the liquid ordered and disordered phases 
presents may also lend itself to the sorting of proteins also. This thickness 
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difference, with the ordered regions being in the region of 1nm thicker than the 
surrounding liquid disordered phase, may assist in sorting different proteins 
dependent on the size of their transmembrane domain in integral proteins45. 
 The study of lipid raft formation has been quite extensive on ‘synthetic’!
model membranes, but currently imaging of these domain in situ, within a cell, 
has not been achieved and has resulted in controversy regarding whether they 
exist. The diameter of lipid rafts is generally in the region of 10-200nm in size, 
although much larger rafts have been observed due to what appears to be 
multiple smaller rafts combining to form one large raft region46. Due to the size 
of lipid rafts, visualisation of them directly within a living cell is challenging. 
Traditional microscopy techniques are unable to image features at such small 
sizes and as a result work to date has focused on the use of model membranes. 
The use of model membranes in itself is challenging, as phase separation within 
membranes is complex and affected by many conditions, one of which is protein 
content. The inclusion of proteins within the model membranes will affect the 
formation of lipid rafts within the bilayer. Currently the inclusion of proteins 
within the model membrane can be challenging, especially for planar lipid 
bilayers. As the understanding of lipid rafts develops, the use of more complex 
model membranes, which are more biologically relevant, will hope to provide 
further information on how accurately current, simple, membranes relate to 
how biological membranes interact.  
 Another area that is currently poorly understood is how the inner and 
outer leaflets of the membrane interact with one another and how, or indeed if, 
the lipid rafts extend across both leaflets. Sphingomyelin, a sphingolipid, is found 
almost exclusively in the exterior leaflet, with cholesterol rapidly ‘flip flopping’!
between both the inner and outer leaflets. As stated previously, cholesterol has 
a high affinity for the fully saturated sphingomyelin, but it does no exclusively 
reside in the inner leaflet. The presence of sphingomyelin almost exclusively 
being in the exterior leaflet would indicate that the whole exterior of the 
membrane would be a giant lipid raft, whilst the interior leaflet would not 
feature any lipid rafts at all. It has been suggested that sphingomyelin having long 
acyl chains which are able to associate with the inner leaflet47,48. This insertion 
then provides stability to the inner phospholipid leaflet and allows for some 
translation of properties, but as yet this has not been observed. Further study 
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of these aspects of lipid rafts is needed in tandem with the development new 
techniques to allow for imaging of live cells before their true biological function 
can become apparent.  
 
  
 4.3 Raft Bilayers 
 
 4.3.3 Deuterated lipid mixtures 
  
The study of mixed lipid bilayers provides a foundation for the study of 
lipid rafts and complex lipid membranes. The formation of monolayers and the 
investigation of the domains formed in ternary lipid raft forming mixtures can 
provide information regarding the phase changes in these monolayers. Work 
understanding the phase changes in bilayers have previously been studied almost 
exclusively in lipid vesicles. Although vesicles can provide a vast array of 
information, they can usually only provide information regarding the outer lipid 
leaflet and also rely heavily on the technique of fluorescence microscopy, which 
involves inserting a modified lipid with a fluorescent marker attached to it. The 
difficulties surrounding this have been discussed in the previous section. 
The formation of planar lipid bilayers for studies surrounding domain 
formation in various lipid mixtures is of great interest, particularly in the 
development of more complex lipid membrane mimics. As used throughout this 
thesis, Langmuir Blodgett and Schaefer deposition affords control over the 
formation parameters of each of the individual layers deposited. The work 
presented in this section addresses the use of lipid mixtures and their 
deposition by use of these techniques and the composition of the resultant 
bilayer on an alPC functionalised silicon substrates. To investigate the amount of 
each lipid deposited onto a substrate using LB/LS techniques on a floating lipid 
bilayer substrate, lipids within the bilayer were selectively deuterated. This 
selective deuteration was under taken as replacing hydrogen for deuterium has 
minimal impact on the lipid behaviour whilst giving rise to high contrast in 
neutron reflectivity experiments as explained in section 1.6. All samples were 
deposited onto an alPC functionalised SAM with the subsequent deposition 
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technique for the lipid bilayers is outlined in section 2.3. The lipid monolayers 
were compressed to 35 mN/m prior to deposition at a compression speed of 
40 cm2/min. For Langmuir Schaefer deposition, the substrate was pushed 
through the compressed monolayer at a speed of 3 mm/min. All samples 
contained 10% cholesterol (calculated by mol percentage), whilst various ratios 
of POPC and sphingomyelin were used. The cholesterol used through this 
experiment was hydrogenated, whilst tail deuterated and hydrogenated POPC 
and Sphingomyelin were used throughout. All the samples were studied in D2O, 
SMW and H2O and were kept at a temperature of 23°C throughout the 
experiments.  
Figures 4.11, 4.12, 4.13 and 4.14 present neutron reflectivity data plotted 
for each of the following samples (where ‘h’ refers to hydrogenated and ‘∂’ 
deuterated) : 20:80 ∂POPC : hSphingomyelin with 10% Cholesterol, 20:80 
hPOPC : ∂Sphingomyelin with 10% Cholesterol, 1:1 ∂POPC: hSpingomyelin with 
10% Cholesterol and 1:1 hPOPC : ∂Sphingomyelin with 10% Cholesterol. Both 
∂POPC and ∂Sphingomyelin were partially tail deuterated, with 31 hydrogen 
atoms replaced with deuterium.  
The figures below show the reflectivity profile of the lipid mixture 
concerned, their respective scattering length density (SLD) profile and table 
containing the fitted values for their sample parameters. The bilayer thickness is 
consistent across the 4 samples, within the 95% CI. Changes in composition are 
likely to reflect on changes in the bilayer thickness, but all are within the range 













Figure 4.11  20:80 ∂POPC : hSphingomyelin with 10% Cholesterol (top) NR data (bottom) 
SLD, numbers represent 1) Si 2) Oxide layer 3) SAM 4) Central water thickness 5) Lipid Bilayer 
 
Table 4.1  Fitted sample parameters for 20:80 ∂POPC : hSphingomyelin with 10% Cholesterol. 
Sample Parameter Fitted Values (95% CI) 
Substrate Roughness (Å) 9.9 (9.5, 10.0) 
Oxide Thickness (Å) 12.6 (11.3, 14.0) 
SAM tail thickness (Å) 23.5 (19.9, 28.0) 
SAM tail SLD (10-7 Å-2) 3.6 (0.8, 6.6) 
SAM tail hydration 0.4 (0.4, 0.5) 
SAM head thickness (Å) 9.9 (8.3, 11.7) 
SAM head SLD (10-7 Å-2) 0.7 (0.6, 1.0) 
SAM head hydration 0.1 (0.0, 0.4) 
SAM roughness (Å) 7.3 (5.4, 9.2) 
Central Water Thickness (Å) 23.0 (19.0, 25.7) 
Bilayer head thickness (Å) 9.5 (7.8, 11.2) 
Bilayer head SLD (10-6 Å-2) 2.5 (1.9, 3.3) 
Bilayer head hydration 0.6 (0.4, 0.7) 
Bilayer tails thickness (Å) 10.9 (10.1, 12.4) 
Bilayer tails SLD (10-7 Å-2) -1.7 (-3.7, 0.7) 
Bilayer tails hydration 0.2 (0.1, 0.2) 
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Figure 4.12  20:80 hPOPC : ∂Sphingomyelin with 10% Cholesterol (top) NR data (bottom) 
SLD, numbers represent 1) Si 2) Oxide layer 3) SAM 4) Central water thickness 5) Lipid Bilayer 
 
Table 4.2  Fitted sample parameters for 20:80 hPOPC : ∂Sphingomyelin with 10% Cholesterol. 
Sample Parameter Fitted Values (95% CI) 
Substrate Roughness (Å) 8.5 (7.1, 9.8) 
Oxide Thickness (Å) 17.4 (15.4, 19.4) 
SAM tail thickness (Å) 18.9 (15.6, 22.5) 
SAM tail SLD (10-7 Å-2) 5.8 (2.5, 8.5) 
SAM tail hydration 0.1 (0.0, 0.2) 
SAM head thickness (Å) 10.3 (8.6, 12.0) 
SAM head SLD (10-6 Å-2) 1.6 (1.4, 1.8) 
SAM head hydration (10-3) 3.0 (0.1, 12)  
SAM roughness (Å) 6.3 (4.6, 8.2) 
Central Water Thickness (Å) 24.2 (18.5, 28.1) 
Bilayer head thickness (Å) 10.0 (8.7, 11.8) 
Bilayer head SLD (10-6 Å-2) 2.0 (1.8, 2.3) 
Bilayer head hydration 0.4 (0.0, 0.7) 
Bilayer tails thickness (Å) 15.4 (11.5, 20.8) 
Bilayer tails SLD (10-6 Å-2) 1.2 (1.1, 1.4) 
Bilayer tails hydration 0.4 (0.3, 0.5) 
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Figure 4.13  1:1 ∂POPC: hSpingomyelin with 10% Cholesterol (top) NR data (bottom) SLD, 
numbers represent 1) Si 2) Oxide layer 3) SAM 4) Central water thickness 5) Lipid Bilayer 
 
Table 4.3  Fitted sample parameters for 1:1 ∂POPC: hSpingomyelin with 10% Cholesterol. 
Sample Parameter Fitted Values (95% CI) 
Substrate Roughness (Å) 9.6 (8.8, 10.0) 
Oxide Thickness (Å) 17.0 (15.0, 19.1) 
SAM tail thickness (Å) 20.6 (15.3, 26.4) 
SAM tail SLD (10-7 Å-2) 2.3 (0.6, 1.2) 
SAM tail hydration 0.2 (0.1, 0.2) 
SAM head thickness (Å) 9.4 (7.8, 11.0) 
SAM head SLD (10-6 Å-2) 3.5 (2.9, 4.0) 
SAM head hydration 0.6 (0.5, 0.7) 
SAM roughness (Å) 2.8 (1.1, 5.2) 
Central Water Thickness (Å) 23.3 (20.3, 28.1) 
Bilayer head thickness (Å) 12.9 (10.7, 15.0) 
Bilayer head SLD (10-6 Å-2) 1.1 (1.0, 1.3) 
Bilayer head hydration 0.9 (0.8, 0.9) 
Bilayer tails thickness (Å) 7.2 (7.0 7.7) 
Bilayer tails SLD (10-6 Å-2) 2.7 (2.5, 2.9) 
Bilayer tails hydration 0.5 (0.5, 0.5) 
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Figure 4.14  1:1 hPOPC : ∂Sphingomyelin with 10% Cholesterol, (top) NR data (bottom) 
SLD, numbers represent 1) Si 2) Oxide layer 3) SAM 4) Central water thickness 5) Lipid Bilayer 
 
Table 4.4  Fitted sample parameters for 1:1 hPOPC : ∂Sphingomyelin with 10% Cholesterol. 
Sample Parameter Fitted Values (95% CI) 
Substrate Roughness (Å) 7.8 (6.2, 9.1) 
Oxide Thickness (Å) 18.6 (16.8, 20.5) 
SAM tail thickness (Å) 23.0 (16.9, 27.4) 
SAM tail SLD (10-6 Å-2) 1.0 (0.9, 1.2) 
SAM tail hydration 0.1 (0.0, 0.1) 
SAM head thickness (Å) 9.3 (7.7, 11.1) 
SAM head SLD (10-6 Å-2) 2.8 (2.2, 3.6) 
SAM head hydration 0.6 (0.5, 0.7) 
SAM roughness (Å) 2.7 (1.1, 5.3) 
Central Water Thickness (Å) 25.0 (21.2, 28.7) 
Bilayer head thickness (Å) 10.4 (8.5, 12.2) 
Bilayer head SLD (10-6 Å-2) 1.4 (1.0, 1.9) 
Bilayer head hydration 0.7 (0.5, 0.9) 
Bilayer tails thickness (Å) 13.1 (9.6, 16.3) 
Bilayer tails SLD (10-6 Å-2) 3.0 (2.8, 3.2) 
Bilayer tails hydration 0.3 (0.2, 0.4) 
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 One of the fitted parameters for the neutron reflectivity data is the SLD 
of the bilayer tails and heads. From this fitted parameter comparisons with 
calculated SLDs can provide information regarding the deuteration levels of the 
samples. In the samples made for these experiments, POPC or Sphingomyelin 
were selectively deuterated, with each having one of their lipid tails fully 
deuterated with 31 deuterium atoms replacing hydrogen. The scattering length 
density values as fitted by RasCAL show there is a change in the SLD for each of 
the samples. As the scattering lengths for hydrogen (-0.3742) and deuterium 
(0.6671) are very different, one would expect that the tail region with a higher 
percentage of deuterium present would result in a more positive SLD for the 
bilayer tail region in the sample. The fitted parameter values for the bilayer tail 
SLD appears to confirm this. To calculate this more accurately the predicted 
scattering length density of the samples formed in these experiments can be 
calculated. The scattering length density of a molecule is given by the equation 
below. 
Table 4.5  Table showing characteristic SLs of common elements. 
 
Atom bcoh (10
-12 cm) fx-ray (10
-12 cm) 
Hydrogen -0.3742 0.28 
Deuterium 0.6671 0.28 
Carbon 0.6651 1.69 
Nitrogen 0.9400 1.97 
Oxygen 0.5804 2.25 
Phosphorus 0.5170 4.23 
Sulphur 0.2847 4.50 
 
The SLD is calculated by the sum of the scattering length of the 
elements in a molecule divided by the volume they occupy. Table 4.5 shows the 
scattering lengths for common elements. The volume of the tail region of the 
lipids can be estimated in order to calculate the SLD for POPC, Sphingomyelin 
and Cholesterol. Armen et al have calculated the volume of specific groups such 
as CH3, CH2 and C=C which allows for an estimation of the volume of the tail 
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region of the molecules49. It should be noted that this method only results in an 
estimation of the predicted SLD of a sample of the compositions outlined in this 
section. From these values the volume (Å3) of the chain region for POPC was 
estimated to be 937.20 Å3 and Sphingomyelin at 881 Å3. The value for 
cholesterol (600 Å3) was obtained from the literature50.  As the bilayers were 
lipid mixtures where the percentage composition was known, a simple 
calculation was used to predict the scattering length density for each sample. 
The sum of the scattering length values for the constituent parts of each tail 
region (i.e. the number of carbon, hydrogen and deuterium) was calculated and 
then divided by the tail region area as per equation 4.1.  
 !"# = !!!!!!!!  (4.1) 
 
Where bi is the scattering length, N is the number of atoms and Vm is the 
volume. The resultant theoretical SLDs are shown in table 4.6 alongside the 
SLDs obtained from the experimental work outlined in this chapter.   
 
Table 4.6  Table showing calculated and experimentally obtained SLDs 
 
Sample 
(all with 10% Cholesterol) 
Calculated SLD  
(10-6 Å-2)  
Experimental SLD  
(10-6 Å-2)  
20:80 ∂POPC : hSphingomyelin 0.340 -0.169 
20:80 hPOPC : ∂Sphingomyelin  2.407 1.247 
1:1 ∂POPC : hSpingomyelin  1.328 2.705 
1:1 hPOPC : ∂Sphingomyelin  1.418 2.987 
 
 In all the samples, experiments yielded a fitted SLD for the sample, with 
those containing more deuterium exhibiting an increasingly higher SLD and vice 
versa for those with increased hydrogen content. This behaviour suggests that 
the samples that higher percentage deuteration in their initial lipid mix, 
maintained this composition through the dipping process. It would be expected 
that the ∂POPC:hSphinogmyelin 20:80 would show the most negative scattering 
length density in the tail region, due to it having the least amount of deuterium 
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in the sample, followed by the 1:1 ratio samples, and finally the 20:80 hPOPC: 
∂Sphinogmyelin. The experimental SLDs follow this pattern with the 20:80 
hPOPC: ∂Sphinogmyelin sample giving rise to the most positive SLD whilst the 
1:1 ∂POPC:hSphinogmyelin yielding the most negative. These predictions of 
SLDs were however not borne out in the samples experimentally. The order of 
samples from most negative (more hydrogen present) to most positive (more 
deuterium) was: 20:80 ∂POPC:hSphinogmyelin, 20:80 hPOPC: ∂Sphinogmyelin, 
1:1 ∂POPC:hSphinogmyelin and 1:1 hPOPC: ∂Sphinogmyelin. These results 
indicate that there may be complex interactions involved with the dipping of 
multi-lipid bilayers and that the nature of the substrate may be fundamental to 
the transfer of lipids to the substrate. Both the 20:80 ∂POPC:hSphinogmyelin, 
20:80 hPOPC:∂Sphinogmyelin samples were dipped on the same alPC SAM 
whilst the remaining samples were dipped on another alPC SAM. This indicates, 
that even though the substrates have been prepared in the same manner and 
the samples dipped following the same protocol, the surface interaction with 
the lipids during the dipping process is directly contributing to the amounts of 
each individual lipid being transferred to the substrate surface.  
  A comparison of the predicted SLDs and the experimentally fitted SLDs 
reveals that in the 20:80 mixtures, both sample SLDs are less positive than the 
calculated SLDs. The 20:80 ∂POPC:hSphinogmyelin sample is quite significantly 
different, with the calculated value being 3.896 x 10-7 whilst the experimental 
value obtained was -1.693 x 10-7. This difference would suggest that there is a 
considerable difference between the levels of deuterium in the initial monolayer 
and in the dipped sample, this property is also demonstrated with the 
hPOPC:∂Sphinogmyelin sample, which had SLDs of 1.247 x 10-6 and 2.407 x 10-6 
for the experimental and calculated SLDs respectively. The 1:1 ratio mixes also 
demonstrate considerable differences between SLDs from experimental 
measurement and predicted, but in this instance they demonstrate an increased 
level of deuterium present. The values were as follows: 1:1 
∂POPC:hSphinogmyelin 2.705 x 10-6 and 1.328 x 10-6 (experimental value 
followed by calculated) and for 1:1 hPOPC:∂Sphinogmyelin 2.987 x 10-6 and 
1.418 x 10-6.  
Chapter 4: Lipid Raft Studies 
 147 
 Previous chapters have discussed the low coverage SAMs produced on 
silicon, and how defects in the SAM propagate defects in the formation of the 
bilayers. In the four samples discussed in this section here, each one shows a 
varying in the SLD of the SAM tail and head. This is likely due to the lower 
leaflet lipids ‘slotting’ into the defects in the SAM, some of which will be 
deuterated, and thus causing a change in SLD for all the samples. For example, 
in chapter 3, figure 3.6 and table 3.2, the alPC SAM has a tail SLD of 3.049 x 10-7 
Å-2 and a SAM head SLD of 1.669 x 10-6 Å-2, compared with 20:80 
∂POPC:hSphinogmyelin 3.649 x 10-7 Å-2 and 0.776 x 10-6 Å-2. The largest 
differences are between the sample with lowest deuteration, 20:80 
∂POPC:hSphinogmyelin, and the highest deuteration, 20:80 
hPOPC:∂Sphinogmyelin samples. The SLDs for the SAM tail and head in the 
20:80 hPOPC:∂Sphinogmyelin sample are as follows: 5.836 x 10-6 Å-2 and 1.569 x 
10-6 Å-2. This indicates, particularly in the tail region of the SAM, that deuterated 
sample is present in this region. The nature of the low coverage SAM layer on 
silane SAMs is likely to be the most influential factor in the calculated SLDs and 
the experimentally obtained SLDs differing in these samples. This makes it 
particularly difficult to elucidate individual layers of the bilayer for study.  
  A comparison of the deuteration levels of four samples, dipped on two 
different functionalised alPC SAMs has revealed that the lipid ratio mixture 
spread as a monolayer may not be the exact mixture that is deposited onto the 
substrate surface during dipping. This observation is important, as lipid phases in 
ternary mixtures are highly dependent on the ratio of the constituent parts of 
the mixture to one another. In the work highlighted in this section, it is not 
possible to separate out each individual lipid, as cholesterol was not selectively 
deuterated. It is possible that the very nature of the dipping technique, and the 
surface chemistry of Langmuir monolayers on substrates makes the accurate 
calculation and deposition of a particular lipid mixture onto a substrate very 
challenging. Further work should include the study with deuterated cholesterol 
and also the use of the new thiolipid functionalised gold substrates (chapter 3), 
to form an understanding of the interactions between lipid and substrate. 
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 4.4 Fluorescence of Raft Bilayers  
 
 Fluorescence microscopy techniques allow for high quality imaging of 
samples with the use of a microscope in conjunction with light sources, 
excitation filters, dichroic mirrors, and emission filters. Within the sample to be 
studied, a molecule capable of being excited and emitting fluorescence must be 
incorporated. The fluorescence molecules are available for purchase, and in this 
instance DHPE-Texas Red was used. Texas Red is a well-characterised 
fluorphore, which fluoresces at 615nm51. The fluorphore is adapted to have a 
lipid, DHPE (1,2-Dihexadecanoyl-sn-Glycero-3-Phophoethanolamine) attached. 
This fluorescently labelled lipid molecule can be treated in a similar manner to 
the other lipids used in this thesis. To use the DHPE-Texas Red, a low 
concentration in the region of 1%, was added to the lipid mixture prior to 
spreading on the surface of the trough. Ideally, when preparing the samples they 
should be prepared in darkness to prevent the fluorphore lipid degrading. 
Whilst using fluorescently labelled lipids the molecules can undergo 
photobleaching, which should be accounted for when studying samples 
especially over extended periods of time.  Photobleaching occurs when the 
fluorphore molecules are subjected to light exposure, which causes cleaving of 
covalent bonds or enhances reactions between the fluorphores and surrounding 
molecules52,53. Over time, this exposure causes the fluorphore to stop 
fluorescing. When exposing the lipid monolayer during the dipping procedures 
photobleaching may occur due to the ambient lighting.  As a result the samples 
were dipped within a darkened box, which also helped to negate environmental 
factors.  
 Fluorescent molecules are often very large molecules, in comparison 
with lipids, which contain multiple ring features. Texas Red-DHPE has a 
molecular weight of over 1381 compared with DMPC, which has a molecular 
weight of 678. The addition of such large molecule, albeit in such small 
concentrations, could potentially influence the phase transitions and interactions 
within the monolayer or subsequently bilayer. A study of the lipid isotherms of 
various lipid mixtures with the addition of Texas Red-DHPE which includes 
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isotherms of monolayers and BAM images will investigate this behaviour and is 
outlined in the sections below.  
 The primary reason for using fluorescence microscopy is the resolution 
the technique gives, which is able to effectively image lipid domains within 
monolayers and bilayers formed via use of vesicles and planar bilayers in other 
studies. Time lapse and videoing of the samples was also possible and the study 
of the domains movement within the bilayer was possible.  The samples used in 
this section of the thesis were made by  dipping silicon substrate blocks, as used 
with neutron reflectivity samples, which were  5cm x 5cm in size. Silicon was 
used for the bilayers in this instance as the use of gold with fluorescence 
imaging has previously determined to quench the fluorescence dye molecules54.  
The silicon substrates were functionalised using al-PC in the manner previously 
outlined (chapter 2). A bespoke cell was designed and machined for the study of 
the samples and included inlets and outlets for control of the solvent within the 
cell. The base of the cell was made from machined aluminium and allowed for 
the cell to be temperature controlled. The bilayers were dipped using the same 
techniques outlined earlier in this thesis, with a smaller, custom made sample 
holder made for this specific substrate sample size.  
  
4.4.1 Isotherms –Texas Red® impacting on the monolayers 
  
 Fluorescent markers are usually large, bulky molecules, which high 
molecule masses. For example, Texas Red®-DHPE has a molecular mass of 
1381.85 whilst DPPE in comparison has a molecular mass of 691.51. Figure 4.15 
shows chemical structure of Texas Red® DHPE.  
 
Figure 4.15  Chemical structure of Texas Red® DHPE 
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Due to its large size a collection of isotherms were performed with 
DPPE, whilst varying the concentration of Texas Red® DHPE. Concentrations 
included 1%, 5%, 10%, 20%, 30%, 40%, 60%, 70%, 80% and finally 90%. The 
resultant isotherms are presented in figure 4.16. All isotherms were collected at 
room temperature and 200 µL of the lipid mixture was deposited at the 
air:water interface and allowed to equilibrate for 10 minutes. The monolayers 
were compressed to collapse at 40 cm2/min. 
 
Figure 4.16  Pressure Area isotherms of Texas Red® DHPE and DPPE in the following ratios: 
1:99 (black l ine) , 5:95 ( l ight green) , 10:90 ( l i lac) , 20:80 ( l ight blue) , 30:70 (orange) , 
40:60 (red) , 60:40 (pink) , 70:30 (dark green) , 80:20 (dark blue) and 90:10 (grey) . 
 
 Figure 4.16 is an isotherm plot of area per molecule (Å2) versus pressure 
(mN/m). The isotherms presented clearly demonstrate the effect of higher 
concentrations of Texas Red DPPE having a dramatic effect on the behaviour of 
the monolayer. At 1, 5 and 10% concentrations, the shape and gradient of the 
isotherm is similar to that of DPPE alone which is consistent with isotherms 
found in the literature. The addition of Texas Red® to the DPPE mixture causes 
the area per molecule to be reduced significantly. As the concentration 
increases, the gradient of the isotherm changes to one that is more sloped, with 
isotherms from a concentration of 20% to 90% Texas Red® demonstrating very 
similar isotherm shapes. This collection of simple isotherm measurements 
confirms that the presence, even in a very low concentration, of Texas Red® 
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within the monolayer can cause large changes in the interaction of the 
molecules at the air:water interface.  
A further isotherm consisting of 1:1:1 DOPC:Sphingomyelin:Cholesterol 
was performed with and without 1% Texas Red® to see if a lipid mixture would 
undergo a similar interaction with the Texas Red®. This isotherm was 
performed at room temperature for both samples and 150 µL of the solution 
mix added to the clean water sub-phase in the trough and allowed to equilibrate 
for 10 minutes to ensure solvent evaporation. Both monolayers were 
compressed at 40 cm2/min.  
 
Figure 4.17  Pressure versus area per molecule isotherm of the 
DOPC:Sphingomyelin:Cholesterol monolayer (red l ine)  and monolayer with 1% Texas Red 
DHPE (black l ine) .  
 
Figure 4.17 is a pressure versus area per molecule isotherm of the 
DOPC:Sphingomyelin:Cholesterol monolayer and the same monolayer with 1% 
Texas Red DHPE incorporated into the sample. From this isotherm it is 
immediately apparent that the incorporation of Texas Red® DHPE, even in such 
small concentrations, has a profound effect on the pressure versus area 
isotherm for this ternary lipid mixture. The DOPC:SM:Cholesterol mixture 
demonstrates a lift off point at 60 Å, where as DOPC:SM:Cholesterol:Texas 
Red® DHPE has a lift off point of around 80 Å. This difference in area per 
molecule is directly due to interaction of the Texas Red® DHPE with the other 
lipids in the mixture. Due to it’s large size and bulky aromatic region, the Texas 
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Red is limited in the ways it can pack itself in to the lipid monolayer at the 
air:water interface, as a result, the monolayer shows pressure changes earlier as 
the molecules are unable to pack as efficient as those in the monolayer without 
the Texas Red® DHPE present. Although the area per molecule values are 
considerably different between the two samples, it should be noted that the 
isotherm shapes are highly comparable, with both showing straight, smooth 
lines with similar gradients. Both samples also undergo collapse at 
approximately the same pressure of 50 mN/m. 
 Although the presence of Texas Red® DHPE appears to have a profound 
affect on the interactions between molecules in a mixture of 1:1:1 
DOPC:Sphingomyelin:Cholesterol, the phase behaviour appears to be 
consistent with that of a sample, which does not contain the fluorescent 
marker. When using fluorescent markers such as Texas Red® DHPE, careful 
consideration over the concentration should be taken. The effect of the 
addition on the formation of domains within lipid raft forming mixtures may be 
considerably affected by the presence of such large molecules, even at low 
concentrations. 
 
 4.4.2 BAM- Texas Red® impact on domain structure 
 
 Further to the isotherm work demonstrated above, the lipid raft 
mixture of 1:1:1 POPC, Sphingomyelin and Cholesterol mixture was studied by 
use of a Brewster Angle Microscope. The images demonstrated in figure 4.18 
show the compression of the monolayer at the surface to a variety of pressures.  
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Figure 4.18  BAM images of 1:1: 1 POPC:Sphingomyelin: Cholesterol with 1% Texas Red® 
DHPE. Images at the following pressures mN/m; (top row, left to r ight)  1.5, 3, 5, 7, 8, 11, 
(middle row)  13, 15, 17, 19, 21, 23, (bottom row)  25, 27, 29, 31, 32. 
 
 The images are very dark in nature and the contrast seen in the previous 
study is not obtained. Even so, there appear to be lipid domains present from 3 
mN/m, however they are very small in nature, far smaller than those seen 
previously. As the pressure was increased the domains got much smaller (nano-
scale domains) and from approximately 9 mN/m very small quite bright features 
became apparent. As the pressure is increased, the small domains seen within 
the monolayer are no longer noticeable but the much brighter features are 
more numerous as the pressure increases. This type of behaviour was not seen 
previously, and it is unclear if these bright features are domains or are artefacts 
of the Texas Red DHPE present in the monolayer. The images here are a stark 
comparison to the domain structures seen earlier in this chapter in section 
4.1.3. 
 After the initial images were taken, the monolayer solution was left on 
the trough at the air:water interface; due to the nature of BAM the trough was 
within a dark cabinet to reduce exposure to ambient light. The lipid monolayer 
was left exposed to air to see if the exposure for a longer period of time might 
lead to oxidation at the surface resulting in domains being formed which has 
been feature of literature work previously57. The monolayer was then 
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compressed to the same pressures as highlighted before and shown in Figure 
4.19.  
 
Figure 4.19  BAM images of 2:1:1 POPC:Sphingomyelin: Cholesterol with 1% Texas Red® 
DHPE. Images at the following pressures mN/m; (top row, left to r ight)  0.6, 3, 5, 7, 11, 13, 
(middle row)  15, 17, 19, 21, 23, 25, (bottom row)  27, 29, 30, 33. 
 
The contrast between the initial BAM images of this mixture and the 
second (post exposure to air), are quite significant. Here the images display 
domain like features across a variety of pressures. In comparison with the 1:1:1 
POPC:Sphingomyelin:Cholesterol monolayer without Texas Red®, the domains 
are significantly smaller, show far higher numbers, but are of a similar circular 
shape. The most salient point of the comparison of these images is that there 
appears to be a phase inversion between the two samples. In the sample 
without Texas Red®, the domains are bright (condensed phase) within the dark 
region (expanded phase), whereas in the presence of Texas Red, the domains 
are dark (expanded) on a bright background (condensed phase). The inclusion 
of just 1% of Texas Red® appears to have a profound effect not only on the size 
of the lipid domains present in the monolayer, but also phases of the 
monolayer. As the monolayer is compressed, the domains appear to be smaller, 
although much larger, dark domains are seen throughout, when at 33 mN/m the 
monolayer no longer shows domain features and appears to be in one phase. 
The single-phase transition of this layer is far higher than that seen in the BAM 
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images without the Texas Red present, which occurred at around 10 mN/m. 
The bright features seen in the first image set with the 1:1:1 mixture and Texas 
Red® are also present, and appear in the images at 5 mN/m. The numbers then 
increase as the monolayer is compressed, and are still visible when the 
monolayer moves into one phase. Again with these images it is not possible to 
determine if they are an artefact from the use of Texas Red. 
 The monolayer was then held at a pressure of 33 mN/m, the miscibility 
point (where the lipids appear to be in one phase) of the 1:1:1 mixture with 
Texas Red, to see if holding the monolayer at pressure for 10 and 15 minutes 
would lead to the formation of domains. Figure 4.20 shows the images from the 
monolayer held under pressure control at 0 minutes, 10 minutes and 15 
minutes.  
 
Figure 4.20  BAM images of 1:1:1 POPC:Sphingomyelin: Cholesterol  with 1% Texas Red® 
DHPE. Images of monolayer held under pressure control at 33 mN/m at 0 minutes ( left) ,  10 
minutes (middle) ,  and 15 minutes (r ight) .  
 
Leaving the monolayer exposed over this period of time led to the lipid 
mixture separating back into domain regions. The domains seemed larger than 
those seen previously, although they are mainly highly spherical. Some larger, 
elongated domains are present at 10 minutes, but there are only two of these in 
the image. As the monolayer was left for a longer period of time, the domains 
are still present, although appear to be of a larger average size. Most are highly 
circular in shape, although, as with the 10 minute image there are a small 
population of domain elongated in shape. Towards the top of the image at 15 
minutes there appears to be a band with very little, to no domain formation, 
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which has smaller lipids to either side of it. This may indicate that the domain 
formation is not uniform across the whole of the monolayer and highlights the 
need for taking multiple image of a monolayer. 
 The work in this section has highlighted that the inclusion of large 
molecules, such as Texas Red DHPE, within a lipid monolayer has had a 
profound affect not only the isotherm but also the phases and domain structure. 
Further work studying the lipid phases and also the interaction with fluorescent 
markers with the monolayer and thus bilayer and the phase changes governed 
by these interactions should be undertaken to have further understanding of 
domain like structures. 
 
 4.4.3 Fluorescence of bilayers  
 
 Further to the work outlined previously in this chapter, imaging of a lipid 
raft forming bilayer was undertaken using fluorescence microscopy. Texas Red 
DHPE was incorporated into a raft forming bilayer at a concentration of 1%. 
Before the experiments could be performed on the fluorescence microscope a 
bespoke fluorescence cell was designed and manufactured. Figure 4.21 is the 
CAD (computer aided design) drawing of the fluorescence cell.  
 
Figure 4.21  CAD image of bespoke fluorescence microscopy cell, (r ight)  where the 
substrate is placed, image shoes groove for O-ring to seal the cell and the window for 
fluorescence measurements. 
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The cell included inlet and outlet fittings for solvent exchange in the cell. 
The cell was the manufactured from PEEK for good chemical resistance. After 
the cell was manufactured a thin, no. 1 quartz glass cover slip was used as the 
cell window and fixed into place. The cell had an aluminium baseplate that 
provided heating and cooling abilities.  
 Initially a lipid raft mixture consisting of 23:57:20 POPC:SM:Cholesterol 
with 1% Texas Red DHPE was deposited onto a UV Ozone cleaned glass 
microscope slide, via a Langmuir Blodgett dip. The monolayer was compressed 
at the air:water interface to 15 mN/m at 40 cm2/min and held under constant 
pressure control as the same was drawn up through the monolayer at 3 
mm/min. The resultant images from this sample are shown in Figure 4.22. 
  
 
Figure 4.22  Fluorescence microscopy images of domains in 23:57:20 
POPC:Sphingomylein:Cholesterol with 1% Texas Red® DHPE mixture. Scale bar: 40 µm.  
 
 Figure 4.22 shows that lipid domains formed and were successfully 
deposited onto the clean glass slide. The domains mirrored those seen with 
BAM in earlier sections, in that they are highly circular and uniform. The domain 
size is considerably smaller that those seen at the air:water interface as seen in 
the BAM images, with sizes of in the region of 1 µm. The domains themselves 
are uniform in shape and size as previously seen. Texas Red DHPE has affinity 
for associating with the liquid disordered phases56 present in lipid bilayers, as a 
result the bright areas in these images refer to the more fluid phase (POPC), 
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whilst the dark phases are the more condensed phase of sphingomyelin and 
cholesterol. As the slide was moved to other regions a distinct change in the 
type of domains present was noticed, the images can be seen in Figure 4.23.  
 
Figure 4.23  Fluorescence microscopy images of domains in 23:57:20 
POPC:Sphingomylein:Cholesterol with 1% Texas Red® DHPE mixture. Scale bar: 40 µm. 
 
Initial images were taken towards the top of the glass slide, whereas the 
latter images were taken at the bottom (dip-wise). The domain shape changes 
substantially between the two regions, and the domains become more 
elongated in the direction of dipping. As imaging was carried out further 
towards the bottom of the glass side (that left the sub-phase last when 
depositing the monolayer onto it), this elongation was more severe and the 
domains are now long and thin and not rounded in any form. This elongation of 
the domains may be an extreme version of domain pinning, which was identified 
in the literature by Garg et al in relation to dipping lipid bilayers on polymer 
cushions59. As the glass slide was used directly from the manufacturer, it will not 
be of the ultra-flat nature as seen with blocks of silicon and gold used in 
neutron reflectivity samples, and as a result some regions of the slide may be 
significantly rougher than others and not show uniformity across the glass slide. 
 After the presence of domains had been confirmed in a lipid monolayer 
on a glass slide, attempts were made at visualising the lipid domains by use of a 
lipid raft mixture deposited directly onto an alPC functionalised silicon 
substrate. The same POPC:Sphingomyelin:Cholesterol and Texas Red® DHPE 
mixture was used as on the glass slide, in the same ratio of 23:57:20 with 1% 
Texas Red DHPE. The bilayer was deposited at 20 mN/m after being 
compressed at 70 cm2/min. The Langmuir Blodgett and subsequent Langmuir 
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Schaefer dip was performed at 6 mm/min. The increases in speed here were to 
account for the larger surface area of the block and prevent the photobleaching 
of the Texas Red® whilst in the trough. Once completed, the sample was sealed 
in the sample cell and transferred to the Fluorescence Microscope. Here it was 
kept in a darkened room, but also wrapped in aluminium foil to present any 
light deteriorating the sample. In an attempt to get domain formation, the 
sample was heated above the chain melt of the lipids, to 57°C to encourage the 
lipid bilayer to move into a single phase. They were then cooled down to 20°C 
for measurements. Previous work has seen that the heating and cooling of raft 
mixtures encourages the formation of domains58.  The resultant lipid domain 
images are shown in Figure 4.24. 
 
Figure 4.24  Fluorescence microscopy images of domains of 23:57:20 
POPC:Sphingomylein:Cholesterol with 1% Texas Red® DHPE lipid bilayer dipped onto an alPC 
SAM at 20°C. Scale bar: 20 µm. 
 
 At 20°C it is immediately obvious that lipid domains have formed in the 
raft mixture. The domains are highly circular, much like those seen at the ‘top’ 
of the glass slide in figure 4.22 and also in the monolayer experiments 
undertaken earlier in this chapter. As with the glass slide sample, the brighter 
areas contain Texas Red® DHPE, which has a high affinity for the expanded lipid 
phase of POPC, whilst the domains are the darker areas, which contain 
sphingomyelin and cholesterol. The domain sizes are larger than those seen on 
the glass slide, which may be due to the slightly higher dipping pressure 
employed. In this sample the domains are 5 µm and smaller. Importantly it 
appears that the domains are registering between the upper and lower leaflets, 
implying that there is fluidity in the membrane and domain pinning is not 
occurring as seen in the glass slide experiments. A video was taken of the lipid 
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bilayer, and frames of this video are presented in figure 4.25.  In the video 
footage of the lipid bilayer the domains appear to be vibrating under the 
influence of Brownian motion and moving around although the distances 
travelled are small.  
 
Figure 4.25  Fluorescence microscopy images of domains of 23:57:20 
POPC:Sphingomylein:Cholesterol with 1% Texas Red® DHPE lipid bilayer dipped onto an alPC 
SAM at 20°C, (top)  images taken from video footage at 0 and 1 seconds. Red square denotes 
expanded region, (bottom)  zoomed in region highlighting the movement of two pairs of 
domains in relation to one another. Scale bar: 20 µm. 
 
This movement is uniform across the whole of the image obtained and 
all domains appear to be partaking. The sample was moved on the fluorescent 
microscope stage to image several areas. One of the regions seen at 20°C 
features a form of band structure as seen in the monolayer work, where there 
are very clear defined regions of dark domains on a bright background in a sea 
of darker regions. It is possible that this region is indicative of poor coverage in 
this particular area of the bilayer.  
 The sample was then cooled down to 10°C to see the effects of cooler 
temperatures on the domain structure. At 10°C the domain structure appears 
to be more disordered, with the domains being more varied in size. In some 
regions there are ‘giant’ condensed phase domains, which contain very small-
expanded phase domains. This type of structure was noted in the BAM work on 
lipid monolayers (section 4.4.2). The shape of the domains observed also varies, 
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with highly circular domains still predominantly present, but in some regions 
distorted shapes can be seen. The dark lipid domains appear to have much 
more space between them; the expanded phase appears to be more vast. Again, 
in these areas, there is no domain pinning or lack of registration between the 
upper and lower leaflets suggested. Video footage of the domains at 10°C is 
presented further below (figure 4.26). In this instance the domains appear to 
move much more and move across the sample at considerable distances from 
those seen at 20°C. It is unclear as to why these domains are moving more 
considerably than those imaged at 20°C, it may be due to the SAM coverage 
being different in these two areas. Domains have been highlighted on the image 
to show their movement.  
 
Figure 4.26 Fluorescence microscopy images of domains of 23:57:20 
POPC:Sphingomylein:Cholesterol with 1% Texas Red® DHPE lipid bilayer dipped onto an alPC 
SAM at 10°C, (bottom)  Region taken from video footage showing the movement of two 
separate domains at 0 and 1 second. Scale bar: 20 µm. 
 
 The sample was subsequently heated up to 30°C and 45°C. In both of 
these images no domains can be seen, and the image appears uniform in 
appearance. The increase in temperature appears to have caused the bilayer to 
move into one phase, rather than the domain phase separation seen at lower 
temperatures. Once cooled down to 20°C again the domains can be seen, 
although appear more disordered than previously imaged areas. As a whole, the 
bilayer appears to have different regions of more ordered and disordered phase 
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behaviour. This could be due to differences in the composition of the layer 
during dipping at different points in the process. The imaging of the domains is 
experimentally challenging, with many samples not appearing to have domain 
structure. Samples here were only studied by use of the alPC SAM, due to 
studies revealing that gold substrates can cause quenching of fluorescent 
markers59. The difficulties in dipping planar lipid bilayer for the study of lipid 
phase behavior may further be impacted upon by the work featured in section 
4.3.3. The challenges of depositing specific lipid mixture on to substrates to 
investigate the lipid phase behaviour may be hindered by the dipping process 
itself. The work discussed earlier in this chapter highlighted, through neutron 
reflectivity studies of selectively deuterated lipid raft mixtures that the resultant 
bilayer appeared to have a different composition from the mixture made 
initially. By understanding the dipping mechanisms and the interaction between 
the lipids at the air:water interface and the substrates employed will further this 
research area. This understanding in tandem with further development of 
substrate cells and also experimental environments may increase the 
reproducibility of imaging lipid domains within a bilayer to assist understanding 
the complex nature of the domain formation within planar, floating lipid bilayers 
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5.0 Improving biological relevance of lipid membrane mimics 
 
5. 1 Introduction  
 
 While the previous chapters of this thesis have focused on research relating 
to the use of gold as a suitable foundation for a floating bilayer system along with 
the investigation of lipid rafts on these substrates, this final chapter addresses 
  
I. The development of an alternative process for deposition of phospholipids 
onto gold substrates.  
II. The development of biologically relevant highly asymmetric bilayer systems 
for study.  
 
The alternative deposition process focuses on the formation of a lipid bilayer on 
a surface via the deposition of phospholipid vesicles directly onto SAM 
functionalised gold substrates. This technique is particularly pertinent, as many 
peptides cannot be inserted into lipid bilayers when using Langmuir Blodgett and 
Langmuir Schaefer dipping techniques. When using such techniques only a very 
small range of peptides can be deposited in this manner, and the provision of an 
alternative method, which can incorporate more peptides, which would broaden 
the research scope in this area significantly.  
 Biologically relevant bacterial membranes are a highly attractive area of 
research, in this case focusing on Gram-negative membranes. Bacterial membranes 
contrast with those of eukaryotic membranes due to their highly asymmetric 
structure. The exterior leaflet of the membrane generally contains high levels of 
lipopolysaccharide (LPS) whilst the inner leaflet consists of phospholipids. Figure 5.1 
is a cartoon depiction of a Gram-negative membrane.  
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Figure 5.1  Diagram representing a Gram-negative bacterial membrane1.  
The LPSs, also known as endotoxins, present in gram-negative bacteria are 
responsible for the toxicity of this bacteria strain. LPS is also integral to protecting 
the bacterial membrane from attack, resulting in antibiotics decreasing in their 
effect against such membranes. Gram-negative bacteria differ to Gram-positive 
bacteria due to the thickness of the cell wall and their constituent parts. Gram-
negative walls contain very little peptidoglycan and as a result are very thin. The 
development of highly asymmetric membranes would allow for studies of the 
mechanisms involved in the build up of antibiotic resistance in bacterial membranes. 
 




 As detailed in previous chapters, the primary deposition technique utilised 
for the formation of bilayers is the Langmuir Blodgett and Langmuir Schaefer 
techniques2 .This set of techniques allows for high surface coverage and highly 
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controlled deposition directly onto functionalised substrates to form ‘floating 
bilayers’.  Although these techniques exhibit such advantages such as controllability 
in the formation of bilayers, they do have several experimental difficulties.  To 
realistically mimic eukaryotic cell membranes the incorporation of proteins into a 
synthetic membrane is a necessity.  It is possible to form bilayers using Langmuir 
Blodgett/Langmuir Schaefer techniques and, theoretically, proteins could be spread 
on the sub-phase of the trough with the relevant phospholipids, but very few 
proteins fit the necessary criteria in order to be successfully incorporated into a 
membrane in this manner3,4. One of the main issues impacting the use of proteins 
on a dipping trough is their solubility. Many are highly soluble and during the 
dipping procedure the proteins are solubilised into the sub-phase. As a result the 
concentration of protein within the layer may not accurately reflect the protein 
fraction within the initial monolayer spread on the trough.  
 One way of overcoming this potential issue with creating bilayers 
incorporating proteins is to use the alternative method of vesicle deposition 
directly onto the substrate surface5,6,7. Vesicle deposition directly onto substrates 
has been well documented and the mechanisms for their deposition fairly well 
understood. The incorporation of proteins into the vesicles themselves is a facile 
process, whereby a mixture of lipids and proteins is made usually in a solvent such 
as chloroform. The solvent is then dried off under nitrogen and the placed in a 
vacuum oven at approximately 35°C over night to ensure that the solvent is 
completely evaporated. Once this is completed, the lipid and protein mixture can 
then be re-dissolved in a buffer solution and either sonicated until clear (indicating 
the formation of regular sized vesicles) or by use of an extruder8,9. These 
processes, in most circumstances, lead to the formation of a lipid vesicle solution 
with proteins incorporated directly within the vesicle membranes.  
 The procedure for deposition of the vesicles onto the surface itself is also a 
simple one and often can just involve the vesicle solution coming into contact with 
the substrate. Once in contact with the surface the vesicles will deposit and 
essentially unravel to form a bilayer.  This process can occur quite quickly to form 
high coverage bilayers9. Many more protein types can be incorporated in this 
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manner, although the formation of asymmetric bilayers in this instance may be 
challenging.  
  
5.2.2 Vesicles on Functionalised Gold Surfaces 
 
 Deposition of vesicles directly onto hydrophobic substrates has previously 
been investigated in literature10,11,12. As such bilayers are formed directly on a silicon 
substrate, the interaction between the substrate, and in particular the lower leaflet, 
is increased and thus the bilayer is bound to the substrate surface, resulting in the 
bilayer exhibiting reduced fluidity. A further challenge arises due to the bilayer 
being in direct contact with the substrate is the denaturing effect resultant from the 
embedded protein coming in to direct contact with the substrate13. The use of the 
floating bilayer system reduces this issue by forming a distinct ‘water cushion’ 
between the substrate and the vesicle deposited bilayer; hence the use of a SAM 
between the bilayer and substrate is highly desirable. Previously unpublished work, 
studying the deposition of vesicles of various compositions onto the alPC 
functionalised silicon substrates has proved unsuccessful, with little to no 
deposition of lipid vesicles onto the substrate14. This method was attempted using a 
variety of lipid mixtures and studied using neutron reflectivity. The reason for the 
vesicles not depositing on alPC SAMs has not been elucidated but could be due to 
the low surface coverage and as a result regions of increased surface roughness, 
characteristic of alPC SAM substrates. 
  After high coverage SAMs on gold substrates were produced (see chapter 
3, section 3.1) with high repeatability, experimental work involving lipid vesicles was 
performed. This work was undertaken in the anticipation that, if successful, lipid 
vesicles with embedded proteins could be deposited directly onto the floating 
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5.2.3 Vesicle Preparation 
  
 The vesicles were prepared using two methods outlined extensively in the 
literature15,16,17. Lipid mixtures were prepared by aliquoting lipids, into a clean 
volumetric flask, which had been solubilised in an appropriate solvent, usually 
chloroform. The ratios for the lipid mix were calculated and aliquoted pre-drying 
and pre-vesicle forming. Individual lipids (for homogenous vesicles) or a lipid mix 
(for heterogeneous vesicles), were dried under a stream of dry nitrogen, and 
placed in a vacuum oven at 35°C overnight. This drying step ensured that the 
solvent was evaporated off in its entirety.  A buffer solution was then added to the 
dried lipid mix (if used for neutron reflectivity studies, the buffer the solution used 
was D2O) and the solution sonicated at a temperature above the chain melting 
point of the lipids18. Other methods for forming vesicles such as extrusion can be 
used, although sonication is one of the simplest methods for formation of vesicles. 
To form vesicles by extrusion a lipid solution is vortexed in an aqueous buffer, this 
solution is then transferred to an extruder with 25 mm polycarbonate filters with 
0.1 m pore size. Pressure is then applied and the vesicle solution pushed through 
the filters repeatedly and also freeze thawed. The resultant vesicles were in the size 
range of 60-100nm in diameter19. The sonication process was employed for work in 
thesis due to the availability of the equipment and also due to the simplicity of the 
sonication process. 
 The solutions were sonicated until clear in a sonicating water bath or with a 
probe sonicator. If using a probe sonicator, the vial containing the lipid mixture was 
in an ice bath to ensure that over heating of the lipid solution did not take place. 
Once the solution was no longer cloudy, the solution was directly pumped into the 
neutron reflectivity cell for incubation in contact with a thiolipid SAM for 1 hour. 
The initial neutron reflectivity data was obtained with the vesicle solution still 
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5.2.3.1 Dynamic Light Scattering Analysis 
 
 Once the vesicles had been formed as outlined above, Dynamic Light 
Scattering Analysis was undertaken on the solution. The experimental details for 
DLS are outlined in section 2.47. Figure 5.2 is percentage volume versus diameter 
(nm) plot of a sonicated POPC:DPPC:Cholesterol mixture in a 27:53:20 ratio 
respectively.  
 
Figure 5.2  DLS analysis of sonicated POPC:DPPC:Cholesterol mixture in a 27:53:20 ratio. 
The analysis was undertaken by the software provided by the manufacturer. 
The average size of the vesicles from this data was 63 nm in diameter. From the 
plot the size distribution of the vesicles in solution can be seen, with most featuring 
around 60nm. This then rapidly decreases but a subsequent peak at around 5000nm 
can be seen. This second peak could be due to the formation of both small and 
large unilamellar vesicles. The average vesicle size is in the order expected for small 
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5.2.4 Neutron Reflectivity Analysis 
 
5.2.4.1 Vesicle Lipid Mixtures  
 
Neutron reflectivity experiments were undertaken on two lipid vesicles 
mixtures. The first lipid mixture consisted of 1,2-dimyristoyl-sn-glycero-3-
phophocholine (DMPC) and 1,2-ditetradecanoyl-sn-glycero-3-phospho-(1’-rac-
glycerol) (DMPG), in a 99:1 DMPC:DMPG ratio mix (0.75 mg/mL) . Before the 
lipids were dried they were mixed in the appropriate ratio, dried and then 
sonicated in D2O solution. DMPC was chosen as, much like DPPC (section 3.2.5), it 
is well studied and incorporates the same choline head group. DMPC and other 
phosphocholine lipids feature significantly in biological membranes and are 
commercially available. DMPC is zwitterionic, fully saturated lipid with a 14 carbon 
chain tail group. DMPG has a glycerol based head group, with a 14-carbon chain tail 
region and carries an overall negative charge. A small amount of DMPG was added 
to the lipid mixture to encourage deposition as having a small amount of charged 
lipid should encourage the vesicles to the surface to unravel to form a bilayer due 
to the high attractive nature of gold surfaces21.  
 
Figure 5.3  Chemical structures of (top)  DMPC and (bottom)  DMPG. 
 
 Both were prepared in the manner as outlined in section 2.3.2 with the lipid 
mix pumped directly into the neutron reflectivity cell and incubated at 30°C for 60 
minutes before the first data was collected. Both of the vesicle mixes were made in 
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D2O and the solutions sonicated in a heated water bath at 40°C until the solution 
was clear. Once the initial 60-minute incubation was complete the initial sample 
collection included the lipid vesicle solution still present in the cell. Once complete, 
the solvent was exchanged to D2O and data collection commenced with further 
solvent exchanges of silicon matched water and H2O.  Both samples were initially 
studied at 30C, with the lipid raft mixture studied further and being cooled down 
to 10C and then reheated again to 30C. This temperature change was to 
investigate if the vesicles deposited successfully and if there were any noticeable 
changes in the bilayer morphology at different temperatures as would be expected 
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Figure 5.4  Neutron reflectivity data showing the reflectivity profile of a thiolipid SAM on gold, 
(top)  reflectivity profile and (bottom)  SLD profile numbers represent following regions: 1) Silicon 
2) Chromium 3) Gold 4) thiolipid SAM. 
 




Fitted value (95% CI)  
Substrate Roughness (Å) 7.5 (5.5, 9.0) 
Cr Thickness (Å) 57.9 (56.9, 59.0) 
Cr SLD (10-6 -2) 3.4 (3.3, 3.5) 
Cr Roughness (Å) 10.1 (7.3, 12.9) 
Gold Thickness (Å) 141.3 (139.7, 142.8) 
Gold SLD (10-6 -2) 4.4 (4.4, 4.45) 
Thiol APM (Å2) 50.8 (47.7, 53.1) 
Thiol roughness (Å) 9.7 (9.2, 10.2) 
Thiol head hydration 0.0 (0.0, 0.1) 
Thiol hydration 0.0 (0.0, 0.1) 
 
  Figure 5.4 shows a neutron reflectivity data from a thiolated lipid 
SAM functionalised gold substrate in D2O. Table 5.1 features fitted parameters for 
the thiolipid gold substrate. Following the initial sample data collection, the cell was 
washed through to remove any unbound vesicles. This washing step was 
accomplished by pumping D2O through the cell at 1.5 mL/min for 12 minutes (a 
total of 18 mL, cell volume is 3 mL). Once the washing step was complete, data was 
collected again in order to quantify how much of the initial lipid mixture was bound 
to the functionalised substrate. Furthermore, the data would indicate the thickness 
and coverage of any layer to demonstrate if a bilayer had formed and if so, quantify 
the surface coverage of the bilayer. Figure 5.5 shows the post-wash neutron 
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reflectivity sample of the DMPC:DMPG vesicle solution and table 5.2 provides the 




Figure 5.5  Neutron reflectivity data showing the reflectivity profile of a thiolipid SAM on gold 
after incubation with DMPC:DMPG vesicle solution, (top)  reflectivity profile and (bottom)  SLD 
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Table 5.2  Fitted parameter values for thiolipid on gold after incubation with DMPC:DMPG vesicle 
solution 
 
 Substrate Parameters Fitted values (95% CI) 
Central water thickness () 18.9 (15.5, 22.1) 
Bilayer head thickness () 7.6 (7.0, 9.0) 
Bilayer head SLD (10-6 -2) 
1.1 (1.0, 1.6) 
Bilayer head hydration 0.4 (0.2, 0.4) 
Bilayer tail thickness () 11.4 (10.1, 13.7) 
Bilayer tail SLD (10-7 -2) -3.3 (-4.0, -1.7) 
Bilayer coverage 0.7 (0.6, 0.8) 
 
Figure 5.6 provides a direct comparison of the thiolated gold in D2O and 
the post-DMPC/DMPG vesicle wash and it can be clearly seen that there are 
significant differences between the initial thiolated gold substrate and that after the 




Figure 5.6  Comparison of D2O contrast for thiolipid gold (grey l ine)  and thiolipid gold after 
incubation with DMPC:DMPG vesicles (blue l ine) .  
 





Figure 5.7  Neutron reflectivity data showing the reflectivity profile of a neat thiolipid SAM on 
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numbered regions represent 1) Si 2) Cr 3) Au 4) thiolipid SAM 5) Central water thickness 6) Lipid 
bilayer 
 
From the fitted data values it can be seen that the thickness of the bilayer is 
consistent with that of a DMPC bilayer at 30C of around 35  22. The coverage of 
the bilayer is fitted at a value of 70.5% coverage. Although not as high a coverage as 
seen with the dipped samples previously, the successful deposition of vesicles with 
initial high coverage is promising. The central water thickness demonstrated by this 
sample along with the hydration of the bilayer is promising for a highly fluid lipid 
bilayer. 
 
Table 5.3  Fitted parameters for neat thiolipid SAM on gold after incubation with 
POPC:DPPC:Cholesterol in 27:53:20 vesicle solution. 
 
Substrate Parameters Fitted values (95% CI) 
Central water thickness () 18.9 (15.5, 22.5) 
Bilayer head thickness () 9.6 (7.2, 11.9) 
Bilayer head SLD (10-6 -2) 1.0 (6.2, 1.5) 
Bilayer head hydration 0.3 (0.1, 0.6) 
Bilayer tail thickness () 16.3 (13.0, 19.6) 
Bilayer tail SLD (10-7 -2) -2.7 (-3.9, -0.7) 
Bilayer coverage 0.7 (0.7, 0.8) 
 
The second vesicle mixture to be studied was a lipid raft mixture  of1-palmitoyl-2-
oleoyl-snglycero-3-phosphocholine (POPC), dipalmitoylphosphatidy-choline 
 (DPPC) and cholesterol. These lipids and cholesterol were mixed to a ratio of 
27:53:20 respectively. The original thiolipid substrate was washed with ethanol to 
remove any remnant lipids from the substrate without damaging the SAM layer.  
The ethanol was pumped directly into the cell for 10 minutes at 1.5 mL/min. Once 
the ethanol rinse was complete the cell and lines to the cell were further flushed 
with D2O to ensure that no ethanol was present in the cell before the vesicle 
solution was flushed into the cell. The same protocol was followed for the 
Chapter 5: Improving biologic relevance of lipid membrane mimics 
 182 
DMPC:DPPG sample, the lipid vesicles  (0.75 mg/mL) were pumped directly into 
the cell and allowed to incubate at 30°C for 60 minutes. Once the incubation 
period was finished, the data collection commenced. The initial sample data 
obtained included the lipid vesicles still present in the cell and once completed they 
were washed out of the cell using D2O. Figure 5.7 shows the neutron reflectivity 
data post vesicle wash for the POPC:DPPC:Cholesterol sample, whilst table 5.3 
shows the fitted bilayer parameter values. Figure 5.8 is a comparison between the 
substrate and SAM sample and the SAM after vesicle solution incubation, both in 
D2O. 
 
Figure 5.8  Comparison of D2O contrast for thiolipid gold (grey l ine)  and thiolipid gold after 
incubation with POPC:DPPC:Cholesterol vesicles (orange l ine) .  
 
 As with the DMPC:DMPG vesicle deposition, the POPC:DPPC:Cholesterol 
vesicles appear to have formed a good coverage layer at 75.7%. The central water 
thickness is again sizeable and in the region expected of a floating lipid bilayer. The 
head hydration is slightly decreased from that of the DMPC:DPPG vesicle bilayer 
but within the 95% CI levels. The main comparable difference between both vesicle 
depositions is the bilayer thickness, which is much thicker for the 
POPC:DPPC:Cholesterol vesicle deposition. This could be due to the presence of 
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cholesterol, which inserts itself directly into the chain regions of sphingomyelin 
preferentially. AFM studies have shown that these more condensed regions can 
increase the thickness of the layer on the scale of nanometers23,24. This increase 
packing and a result, more upright nature of the sphingomyelin could responsible 
for this increase in thickness. 
 The POPC:DPPC:Cholesterol bilayer was then cooled down to 10C, to 
see if any changes in the bilayer occurred in this temperature transition. Figure 5.9 
shows the neutron reflectivity of this sample at 10C, whilst figure 5.10 is a 
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Figure 5.9  Neutron reflectivity profile of POPC:DPPC:Cholesterol vesicles cooled to 10oC. SLD 
profile (bottom) numbered regions represent 1) Si 2) Cr 3) Au 4) thiolipid SAM 5) Central water 
thickness 6) Lipid bilayer 
 
 
Table 5.4  Fitted parameters for neat thiolipid SAM on gold after incubation with 
POPC:DPPC:Cholesterol at 10oC. 
 
Substrate Parameters Fitted values (95% CI) 
Central water thickness () 18.6 (15.9, 21.7) 
Bilayer head thickness () 8.6 (7.1, 11.1) 
Bilayer head SLD (10-6 -2) 1.3 (1.0, 1.7) 
Bilayer head hydration 0.3 (0.2, 0.4) 
Bilayer tail thickness () 18.5 (16.8, 19.8) 
Bilayer tail SLD (10-7 -2) -3.5 (-4.0, -2.6) 
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Figure 5.10  Comparison of the POPC:DPPC:Cholesterol bilayer at 30C (orange)  and 10C 
(green).  
 
The comparison of the fitted parameters of the 30C bilayer and the bilayer 
at 10C show small changes in the parameters, but all are within the 95% CI. Figure 
5.10 shows slight changes in the reflectivity profile of the sample at 10C, but more 
changes would be expected if heating the sample above 30C due to the sample 
entering more fluid phases. The sample was then reheated to 30C to investigate 
whether cooling the bilayer had any significant affect on the layer itself. The fitted 
parameters for the reheated sample showed no significant changes as compared 
with the initial 30C sample and the 10C, and differences were within the 95%CI 
of all of the fitted data sets. Figure 5.11 shows the neutron reflectivity data of the 
reheated POPC:DPPC:Cholesterol sample, whilst 5.12 is a comparison of the D2O 
data from the initial 30C sample to the reheated sample. 
 




Figure 5.11  Neutron reflectivity profile of POPC:DPPC:Cholesterol vesicles reheated to 30oC. 
SLD profile (bottom) numbered regions represent 1) Si 2) Cr 3) Au 4) thiolipid SAM 5) Central 
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Table 5.5  Fitted parameters for neat thiolipid SAM on gold after incubation with 
POPC:DPPC:Cholesterol reheated to 30oC. 
 
Substrate Parameters Fitted values (95% CI) 
Central water thickness () 18.7 (16.1, 22.0) 
Bilayer head thickness () 8.5 (7.1, 10.9) 
Bilayer head SLD (10-6 -2) 1.3 (1.0, 1.7) 
Bilayer head hydration 0.3 (0.2, 0.4) 
Bilayer tail thickness () 18.5(16.7, 19.9) 
Bilayer tail SLD (10-7 -2) -3.5 (-4.0, -2.7) 
Bilayer coverage 0.8 (0.7, 0.8) 
 
 
Figure 5.12  Comparison of the POPC:DPPC:Cholesterol initial bilayer at 30C (orange)  and 
reheated to 30C (red).  
 
5.2.5 Conclusion  
 
 The work demonstrated in sections 5.1 and 5.2 indicates the potential for 
the thiolated lipid functionalised SAMs to be used for the formation of lipid bilayers 
from lipid vesicles. In this thesis, it was found that both a simple lipid mixture of 
DMPC and DMPG and also a lipid raft mixture of POPC, DPPC and cholesterol 
both formed lipid bilayers with surface coverage in the region of 75%. Further work 
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should involve the optimisation of the deposition technique to increase the bilayer 
coverage by vesicle deposition. To make vesicle deposition more beneficial on the 
thiolated gold substrates a study of a variety of lipids, such as charged lipids, and 
lipid mixtures in vesicle form for deposition and also systematic studies of these 
lipid mixtures to understand the deposition mechanism of bilayers, from vesicles, 
onto the functionalised gold substrate. This development shows great potential for 
the deposition of more complex membranes, which could include a variety of 
different proteins, with a simple bilayer deposition protocol. Although this system is 
promising and vesicle deposition is a less technically challenging technique, which 
unlike Langmuir dipping techniques, does not require specialist equipment, the 
formation of highly asymmetric bilayer systems for bacterial membrane studies may 
not be formed in this manner. The use of both vesicle deposition and Langmuir 
dipping lipid bilayers are both integral to furthering knowledge in this field, with 
each technique being tailored to different sample formation. 
 
5.3 Bacteria Mimics on Silicon 
 
 The work outlined in this section has been published and can be seen in the 
following journal article: Clifton, L. A., Skoda, M. W., Daulton, E. L., Hughes, A. V., 
Le Brun, A. P., Lakey, J. H., & Holt, S. A. (2013). Asymmetric phospholipid: 
lipopolysaccharide bilayers; a Gram-negative bacterial outer membrane mimic. 
Journal of The Royal Society Interface, 10(89), 20130810. 
 I was involved in the development and production of the asymmetric lipid 
bilayers on silicon for the results published in the above journal article. Asymmetric 
lipid bilayers are of particular interest due to the highly asymmetric nature of 
bacterial membranes and it is hoped these highly asymmetric membrane mimics can 
then be successfully used in the understanding of antimicrobial peptide mechanisms 
and bacterial antibiotic resistance. The work demonstrated in this chapter has 
already been further developed with asymmetric lipid bilayers deposited onto alPC 
functionalised gold substrates forming asymmetric floating lipid bilayers. The work 
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on alPC floating asymmetric lipid bilayers is not included in this thesis due to 
further experimental and analysis work currently being undertaken. 
 
5.3.1 Introduction  
 
 Bacteria, much like eukaryotic cell membranes, are surrounded by a 
membrane, which acts in the same capacity as cell membranes. Bacteria are part of 
the prokaryote family, and unlike eukaryotes, they do not have membrane bound 
organelles and thus can be classed as having a more simplistic membrane.  Bacteria, 
as a group, can then be subdivided into two distinct subcategories, Gram-positive 
and Gram-negative. These two subdivisions are so called due to their reaction to 
the Gram staining technique. As the name suggests, Gram-negative bacteria do not 
retain the stain used in the testing, whilst Gram-positive retain the staining used. 
This reaction to the staining is due to a fundamental difference between the two 
classifications Gram-positive bacteria have a thicker central layer formed of 
peptidoglycan than that in Gram-negative bacteria which retains the staining after 
washing25. 
 Examples of Gram-negative bacteria consist of species such as Escherichia 
coli, which can cause severe food poisoning although some harmless strains of E-Coli 
are present in the intestine, Shigella that can cause severe diarrhoea among other 
symptoms and can ultimately lead to dysentery, Salmonella that can cause severe 
illness, Legionella, which is responsible for causing Legionnaires disease. The bacteria 
that are within this category are wide ranging and can be severe in their symptoms, 
they also include strains which cause meningitis and lung infections. Due to the 
severity of these bacterial infections, the ability to successfully and rapidly treat 
them is paramount, but many of these bacterial infections are showing increasing 
resistance to current antibiotic drugs26,27. The ability to study and understand the 
mechanisms of antibiotic resistance in Gram-negative bacterial membranes and 
developing more realistic bacterial membrane mimics for in-vitro study of new 
antibiotics is paramount to furthering work in this area.  
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 Biological membranes in bacteria are similar to those studied in this thesis, 
in that they are a simple mixed lipid bilayer with various membranes proteins 
embedded. Unlike eukaryotic membranes, they are highly asymmetric and each 
leaflet of the bilayer exclusively contains a particular lipid types. The innermost 
leaflet usually consists of phospholipids such as phosphatidyethanolamine (PE) and 
phosphatidylglycerol (PG). PE is a zwitterionic lipid and highly prevalent in bacterial 
membranes27 and is shown in figure 5.13. The molecule consists of a head group, 
along with two chains one of which is unsaturated.  
 
 
Figure 5.13  Chemical structure of DPPE. 
 
It is believed to be present in bacterial membranes in such high quantities in 
order to disperse the highly negative charge of other lipid molecules present in the 
inner membrane. PG is present in most bacterial membranes and overall carries a 
negative charge due to the presence of a phosphate group. PG consists of head 
group and two chains, but unlike PE both the chains are fully saturated. The inner 
membrane also consists of Diphophtidylglycerol, also known as cardiolipin. 
Cardiolipin is a large, bulky molecule (in comparison with PG and PE) and consists 
of two separate chain regions, each consisting of two unsaturated lipid tails.  
 The outer membrane leaflet of bacteria consists of lipopolysaccharides 
(LPS). LPS are large bulky molecules comprising of three distinct parts; (i) O-
antigen, (ii) core oligosaccharide and (iii) Lipid A. A schematic can be seen in figure 
5.14 depicting the LPS region. O-antigen is a repeating chain of glycol polymers. The 
O-antigen is the outermost part of the outer leaflet, and the repeating glycol 
polymers vary depending on the strain of bacteria. The outer surface of the 
bacteria can be determined to be rough or smooth, dependent on the presence of 
the repeating chain of the O-antigen region. If a full O-antigen region is present, LPS 
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are generally considered to be smooth, whilst a truncated or complete lack of O-
antigen region would render it rough.  
 
Figure 5.14  Chemical structure of Lipid A (upper)  and schematic depicting LPS region ( lower) .  
  
 The core oligosaccharide region can be further subdivided into an inner and 
outer core. The outer core is made up of sugars such as glucose, hexose and also 
hexosamines. The inner core consists of 3-deoxy-D-manno-octulsonic acid (KDO) 
and L-glycero-D-manno-heptose (Hep). The region is covalently bound to the 
glucosamine head group of Lipid A. The core oligosaccharide region in this work 
consisted of the use of either Rc-LPS, which is a truncated core region, or Ra-LPS, 
which contains a complete inner region. In this work the O-antigen region was not 
included, as a result these are classed as ‘rough’ LPS. Lipid A resides in the 
innermost part of the outer leaflet of the bacteria membrane and anchors itself to 
the outer membrane. Lipid A has two glucosamine groups with 6 unsaturated acyl 
chains. The Lipid A was from E-Coli and used in isolation without the 
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Oligonasaccharide region or O-antigen part of the LPS. The allowed for a simplistic 
model to be firstly employed, and the addition of either Rc-LPS or Ra-LPS more 
complex. The initial inner leaflet comprises of DPPC, as used in previous work 
outlined in this thesis. 
 Initial work in this thesis focused on the formation of asymmetric lipid 
bilayers deposited by LB and LS deposition directly onto piranha cleaned, single 
crystal silicon substrates. This work was not carried out on al-PC functionalised 
silicon substrates to allow for the study of a simplified model. Further work should 
attempt the study of these asymmetric layers on functionalised substrates such as 
al-PC SAM silicon or thiolated lipid functionalised gold. 
  
5.3.2 Asymmetric bilayer deposition 
 
5.3.2.1 Dipping Procedure  
  
 The bacterial membrane mimics studied here were deposited directly onto 
silicon substrates, which had been cleaned with Piranha solution prior to 
deposition. The inner layer consisted solely of DPPC and was deposited using the 
custom made Langmuir-Blodgett trough following the procedure outlined in 
experimental section 2.3.1. DPPC was deposited at 27 mN/m whilst in the 
condensed phase at room temperature. Both h-DPPC (hydrogenated) and d-DPPC 
(deuterated DPPC) were used in the experiments and were deposited the same 
fashion. The sub-phase used in the dipping trough was ultra pure water (UPW). 
The substrate was drawn up through the compressed monolayer, which was held 
under pressure control at 3mm/min. Once this stage was complete, the trough was 
cleaned completely and the sub-phase replaced. The trough dipping arm was then 
calibrated to ensure that the silicon substrate was completely parallel to the surface 
of the water for the Langmuir-Schaefer dipping process. Once complete the desired 
upper leaflet lipid/lipid mixture (Lipid A, Rc-LPS or Ra-LPS) was spread from 
solution onto the surface, allowed to equilibrate and then compressed to 27mN/m. 
The upper leaflet was deposited by pushing the substrate through the monolayer 
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on the UPW:air interface at a speed of 3mm/min and lowered into the neutron 
reflectivity cell, which was placed into the well at the bottom of the trough. 
 
5.3.2.2 Neutron Reflectometry 
  
 Neutron reflectivity measurements were obtained from SURF, INTER and 
CRISP at the ISIS neutron source using neutron wavelengths of 0.5 to 6.8Å, 1 to 
16Å and 0.5 to 6.5Å, respectively The beam was reflected at the silicon-liquid 
interface at the following angles of incidence 0.35°, 0.65° and 1.5° (SURF), 0.7° and 
2.3° (INTER) and 0.35°, 0.8° and 1.8° (CRISP). As discussed previously, the cells 
which hold the silicon substrates feature inlet and outlets for solvent exchange and 
in this case were connected to a HPLC pump to allow for solvent exchange at 1.5 
mL/min. The solvent used was 20 mM pH/D 7.0 sodium phosphate buffer solution 
made in either H2O and D2O. Each solvent exchange was carried out for 15 
minutes to allow for full solvent exchange in the cell. Initially the D2O sodium 
phosphate buffer solution was pumped into the cell, followed by SMW (38% D2O, 
62% H2O) and finally H2O solutions. All samples had each contrast run twice at 16-
hour intervals. This temporal element of the approach allowed the stability of the 
bilayer to be monitored in-situ. 
 Each of the samples were made with h-DPPC or d-DPPC with a subsequent 
outer leaflet of Lipid A, RaLPS or RcLPS. Each of the resultant samples were studied 
under three different contrasts of D2O, SMW and H2O. The role of the deuterated 
acyl chained DPPC was to provide further information regarding the asymmetry 
within the bilayer. The large difference in scattering length density between 
deuterium and hydrogen along with the change in solvents used allows for the 
deuterated or hydrogenated regions to be effectively labelled and their position in 
the bilayer pinpointed. For example, with a deuterated acyl chain DPPC molecule in 
H2O, the deuterated proportion of the DPPC would stand out from the 
hydrogenated solvent background - and vice versa.  DPPC is easily available for 
purchase in it’s deuterated form, making it suitable for this purpose. The Rc-LPS, 
Ra-LPS and Lipid A were all hydrogenated in this work.  
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 The analysis of the reflectivity profiles of each of the samples named above 
was performed using RasCAL, with each region being quantified as a ‘layer’ having 
distinct scattering length density, thickness and roughness. Each of the bilayers 
were fitted to a 5 layer model, with the silicon dioxide layer being the first, the 
inner bilayer layer’s head group (DPPC’s head group) being the second, inner 
bilayer acyl chains third, outer leaflet acyl chains being the fourth layer and finally 
the fifth layer is the outer leaflet’s head group. 
  
5.3.2.3 Asymmetric DPPC - Lipid A  
 
 The fitted data obtained from both the h-DPPC:Lipid A and the d-
DPPC:Lipid A revealed information regarding the thickness of each individual layer, 
the hydration of the DPPC, the hydration of the Lipid A and also the roughness 
(figure 5.15). From these values, the coverage of each of the layers can be 
calculated by simply adding the hydration of the Lipid A and the DPPC. The 
hDPPC:Lipid A bilayer indicated a surface coverage of 99% ± 5%, whilst the 
dDPPC:Lipid A layer exhibited a surface coverage of 91% ± 5%. These surface 
coverage values are an average coverage over both the upper and lower leaflets. 
The differences in coverage for the two samples is likely due to slight differences in 
the dipping process. Although the same procedure was used in the preparation of 
all samples, small variations in the lipid bilayer were present due to environmental 
factors, although these were minimised as much as possible. 
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Figure 5.15  Neutron reflectometry profile and model data fits (a–c)  and the scattering length 
density profiles these fits describe (d) for asymmetrically deposited DPPC (inner leaflet) : Lipid A 
(outer leaflet) bilayer. The six simultaneously fitted isotopic contrasts shown are (a) d-DPPC : Lipid 
A in D2O (red l ine) ,  h-DPPC : Lipid A in D2O (blue l ine) ;  (b) d-DPPC : Lipid A in SMW (black 
l ine) ,  h-DPPC : Lipid A in SMW (grey l ine) ;  (c)  d-DPPC : Lipid A in H2O (green l ine) ,  h-DPPC 
: Lipid A in H2O (purple l ine) .   
 




DPPC Lipid A Water Roughness 
Silicon Oxide 14.3 ± 2.9 n/a n/a 0.07 ± 0.06 2.9 ± 1.3 
Inner head-
group 
8.5 ±1.0 0.54 ± 0.03 0.36 ± 0.05 0.092 ± 0.050 
Bilayer 
roughness = 
2.4 ± 1.5 
Inner tails 19.8 ± 2.0     
Outer tails 17.6 ± 3.4 0.26 ± 0.03 0.65 ± 0.06 0.15 ± 0.03  
Outer head-
group 
8.0 ± 5.0     
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The dDPPC sample was analysed to yield information regarding the asymmetry of 
the bilayer by analysing the scattering length density of the inner and outer bilayer 
tails (the tail group of the DPPC is deuterated, the head group is still 
hydrogenated). This analysis revealed that the outer leaflet of the membrane 
comprised of 65% Lipid A and 26% DPPC and the inner layer 36% Lipid A and 54% 
DPPC.  The analysis reveals that some exchange/mixing between the layers has 
taken place. The second sample run after 16 hours was analysed in the same 
manner and showed the same level of mixing indicating that no further lipid 
exchange had occurred between the bilayer leaflets. This lack of further exchange 
between the leaflets over time with the lipids existent in the condensed phase as 
opposed to the liquid phase suggests that the mixing potentially occurred at the 
dipping stage, with the deposition technique initiating some mixing of the bilayer.  
The fitted roughness of both the silicon oxide layer and the bilayer itself are within 
the expected parameters of 2.9Å ± 1.3 and 2.4Å ± 1.5 respectively.  
 
5.3.2.4 Asymmetric DPPC - Rc-LPS Bilayer  
  
 The use of Rc-LPS is beneficial in the formation of bacterial membrane 
mimics as it contains a larger proportion of the oligosaccharide region of the 
membrane meaning that the biological relevance of the sample is increased. In 
order to create a more realistic membrane mimic, the use of Rc-LPS will yield a 
more biologically relevant membrane. The same five layer model employed for the 
DPPC:Lipid A was utilised for analysing these samples (figure 5.16).  As with the 
DPPC:Lipid A, the samples exhibited high surface coverage with hDPPC:Rc-LPS 
obtaining coverage of 90 ± 10% and the dDPPC:Rc-LPS sample 84% ± 5%.  The 
values obtained were comparable with that of the DPPC:Lipid A samples (91% ± 
5%).  
Chapter 5: Improving biologic relevance of lipid membrane mimics 
 197 
 
Figure 5.16  Neutron reflectometry profile and model data fits (a–c)  and the scattering length 
density profiles these fits describe (d)  for asymmetrically deposited DPPC (inner leaflet) : Rc-LPS 
(outer leaflet) bilayer. The six simultaneously fitted isotopic contrasts shown are (a)  d-DPPC : Rc-
LPS in D2O (red l ine) ,  h-DPPC : Rc-LPS in D2O (blue l ine) ;  (b)  d-DPPC : Rc-LPS in SMW 
(black l ine) ,  h-Rc-LPS : Lipid A in SMW (grey l ine) ;  (c)  d-DPPC : Rc-LPS in H2O (green l ine) ,  
h-DPPC : Rc-LPS in H2O (purple l ine) .  
 
Table 5.7  Fitted parameters obtained for DPPC and Rc-LPS asymmetric bilayer.  
Layer Thickness Å DPPC Lipid A Water Roughness 
Silicon Oxide 11.1 ± 1.9 n/a n/a 0.15 ± 0.10 3.0 ± 2.0 
Inner head-
group 
8.4 ±11.2 0.58 ± 0.04 0.25 ± 0.08 0.16 ± 0.06 
Bilayer 
roughness = 
5.4 ± 3.1 
Inner tails 18.2 ± 2.5     
Outer tails 15.3 ± 3.0 0.28 ± 0.01 0.57 ± 0.02 0.15 ± 0.03  
Outer head-
group 
20.9 ± 2.0     
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The bilayers also showed signs of mixing, with the inner leaflet containing 58% ± 4% 
DPPC and 25% ± 8% Rc-LPS with the outer leaflet 28% ± 1% DPPC and 57% ± 2% 
Rc-LPS. The layer indicated a higher level of mixing than present in the DPPC-Lipid 
A bilayer and also a higher bilayer roughness figure. The roughness of the bilayer 
was 5.4Å ± 3.1, more than double that of the DPPC-Lipid A sample.  
The roughness observed here could be due to the lower coverage of the 
sample introducing some disorder, which as a result increases the mixing and also 
the roughness of the bilayer.  The outer head group region of the sample is also 
significantly thicker than the outer head group in the DPPC:Lipid A sample. The 
increased mixing between the two layers in the DPPC:Rc-LPS can be attributed to 
the significant size difference between the Lipid A and the Rc-LPS. 
 
5.3.2.5 Asymmetric DPPC - Ra-LPS Bilayer 
  
 Ra-LPS is a more challenging lipid to transfer to a solid substrate via dipping 
as it is highly water soluble and quite large. This results in difficulties when dipping 
the sample as the lipid can easily pass into the sub-phase when dipping. With this in 
mind it was expected that the Langmuir-Schaefer deposition of Ra-LPS onto the 
DPPC layer would be challenging. However, the Ra-LPS was able to form stable 
monolayers at 27 mN/m for deposition. The total coverage for the DPPC:Ra-LPs 
bilayer was, on average, 85%, which was somewhat lower than the coverage 
observed for DPPC:Lipid A and DPPC:Rc-LPS samples (figure 5.17). As with the 
DPPC:Ra-LPS sample, the outer head group thickness is increased, in the DPPC:Rc-
LPS sample it demonstrates a further increase to 31Å ±1.2. This can be attributed 
to the higher volume concentration of the Ra-LPS versus DPPC found in the outer 
layer of the bilayer.  
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Figure 5.17  Neutron reflectometry profile and model data fits (a–c) and the scattering length 
density profiles these fits describe (d) for asymmetrically deposited DPPC (inner leaflet) : Ra-LPS 
(outer leaflet) bilayer. The six simultaneously fitted isotopic contrasts shown are (a) d-DPPC : Ra-
LPS in D2O (red l ine) , h-DPPC : Ra-LPS in D2O (blue l ine) ;  (b) d-DPPC : Ra-LPS in SMW 
(black l ine) ,  Ra-LPS : Lipid A in SMW (grey l ine) ;  (c) d-DPPC : Ra-LPS in H2O (green l ine) ,  
h-DPPC : Ra-LPS in H2O (purple l ine) .  
 




DPPC Lipid A Water Roughness 
Silicon Oxide 13.4 ± 2.0 n/a n/a 0.104 ± 0.040 3.0 ± 1.0 
Inner head-
group 
14.8 ± 2 0.66 ± 0.05 0.19 ± 0.09 0.16 ± 0.08 
Bilayer 
roughness = 
7.9 ± 0.55 
Inner tails 15.6 ± 0.60     
Outer tails 16.0 ± 4.8 0.22 ± 0.05 0.67 ± 0.07 0.11 ± 0.07  
Outer head-
group 
31.0 ± 1.2     





 The work outlined in this chapter has demonstrated the formation of stable, 
asymmetric, high coverage bilayers which are suitable as mimic for Gram Negative 
membranes. The work also demonstrates that bilayers can be formed with a 
complete oligosaccharide core region (Ra-LPS) and also a truncated core (Rc-LPS).  
The layers themselves are stable over a period of at least 16 hours, with no further 
mixing of the outer and inner leaflets during this period. The mixing that does 
occur between two leaflets appears to be due to the dipping technique employed 
to deposit the bilayers. Future work could employ deposition of the layers at lower 
temperatures to attempt to reduce this mixing.  It is possible that the deposition of 
the bilayer directly onto hydrophilic silicon substrates has resulted in a ‘pinning’ of 
the bilayer due to the increase surface interactions between the lower leaflet and 
the substrate. The interaction may reduce the mixing of the bilayer itself, due to a 
reduction of the over all fluidity of the asymmetric bilayer. Further work should 
incorporate the use of the floating bilayer system to assess the stability of 
asymmetry of the bilayer when substrate interaction is reduced. 
The research outlined in this section, 5.2, formed the basis for further work 
demonstrating that the use of divalent cations such as Ca2+ or Mg2+ and also cooling 
of the trough to 10°C improved the asymmetry of a DPPC:Ra-LPS bilayer to 78% ± 
4 and 18% ± 4 in the inner leaflet respectively, and 79% ± 4 Ra-LPS and 17% ± 4 
DPPC in the outer leaflet29.  The work went on to further show that the removal 
of Ca2+ from the bilayer by use of EDTA saw a marked decrease in the bilayer 
asymmetry to 59% ± 4 DPPC and 37% ± 4 Ra-LPS in the outer layer and 32 ± 5% 
DPPC and 63% ± 5% Ra-LPS in the outer layer whilst maintaining an overall 
coverage of 96%. This equates to a transfer of approximately 20% between the 
inner and outer leaflet. The development of these bilayers to incorporate the O-
antigen region would further increase the biological relevancy of these membrane 
mimics.  
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6.0 Thesis Conclusion 
 
 This thesis has presented work involving the formation of a novel 
substrate for floating lipid membrane studies, with extensive work studying the 
interactions of the lipid bilayer with the substrate itself.  Further work went on 
to study Lipid Rafts, an important, much discussed, feature of biomimetic 
membranes, with work focussing on the membrane deposition process and the 
effects of fluorescent marker incorporation in the membrane itself. Finally, 
further work demonstrated the deposition of lipid vesicles and the ability to 
form highly asymmetric lipid bilayers.  
The work presented in this thesis has provided the foundations for 
understanding the interactions of floating lipid membranes on gold substrates, 
whilst providing realistic biomimetic membranes. Further developmental work 
in this thesis has used more complex, lipid raft forming mixtures on these 
substrates as well as alPC silicon substrates. From this work, in conjunction 
with the developmental work presented in chapter 5, realistic, biomimetic 
floating lipid bilayers can be formed via the Langmuir-Blodgett, Langmuir-
Schaefer technique and also by use of vesicle deposition, to form high coverage, 
fluid planar lipid bilayers at the liquid:solid interface.  
 Chapter 3 addressed the need for a high coverage self-assembled 
monolayer as a suitable underlying layer for lipid bilayer deposition, whilst 
maintaining the fluidity of the layer itself. In this chapter, the samples were 
extensively studied by use of neutron reflectivity and compared to a current 
alPC SAM system. As a result of this work it was shown that very high coverage 
self-assembled monolayers were developed at the interface in a comparatively 
(to alPC SAM formation) simple, one step process, and were highly repeatable. 
Further work in this chapter analysed the fluidity of the deposited bilayers, and 
highlighted the presence of a central water thickness, which was smaller than 
samples deposited on alPC SAMs. This was further understood by comparison 
work involving the addition of calcium ions to the bilayers, where neutron 
reflectivity was able to demonstrate that alPC deposited bilayers swelled in the 
presence of Ca2+, as shown in lipid vesicle studies of the same nature, whereas 
the thiolipid SAM deposited samples did not show the same response. From this 
it can be said, that both the thiolipid SAM and alPC SAMs are both useful in the 
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study of planar biomimetic lipid bilayers. Thiolipid SAMs show high coverage, 
and as a result high bilayer coverage, which is highly beneficial for the study of 
protein interactions within a bilayer, but may have less fluidity shown by a lack 
of swelling with Ca2+ ions. Further work to understand the interaction of the 
substrate with the thiolipid SAM, and also the fluidity of the deposited bilayers 
in will allow for more complex, more biologically relevant samples to be formed 
at the solid:liquid interface. 
 In chapter 4, an extensive body of work regarding lipid rafts was 
undertaken. Here initial work made use of lipid monolayers that could be 
imaged using Brewster Angle Microscopy in order to explore the formation of 
domains within lipid mixtures. Studies using isotherms were also undertaken to 
understand the interactions that take place at the air:water interface. From this 
work, neutron reflectivity samples of selectively deuterated lipid raft mixtures 
were performed, and from scattering length density calculations it was 
discovered that lipid ratios in samples deposited using Langmuir-Trough 
deposition, may not necessarily accurately reflect the lipid ratio mixture that 
was then present during the initial lipid spreading at the solid:liquid interface. 
Previous studies and phase diagrams of lipid raft forming bilayers and vesicles 
have shown that the ratio mix of the lipids to one another is important when 
imaging domain structure. Further work explored the understanding of 
interaction of a fluorescently tagged lipid monolayer when used within a lipid 
mixture. Due to the nature of these molecules, generally being very large, it is 
maybe somewhat not unsurprising that these lipid molecules have a profound 
effect on the surrounding monolayer, and as a result bilayer. The work on this 
chapter studied the interactions within a synthetic membrane after 
incorporation fluorescently tagged lipid by use of isotherms, Brewster Angle 
Microscopy and also fluorescence microscopy. 
 Chapter 5 included two bodies of work, which investigated methods 
that could potentially be used to insert biologically relevant molecules (such as 
proteins) into lipid bilayers, and also methods for deposition of highly 
asymmetric membranes for bacterial membrane mimics. This chapter made use 
of a wide variety of analytical techniques and showed that vesicle deposition of 
vesicles onto the thiolipid functionalised gold substrates was possible with 
coverage in the range of 50-75%. Further work optimising the deposition of lipid 
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vesicles would hope to see coverage of the sample much higher, as seen with 
the planar lipid bilayers. Work developing highly asymmetric lipid bilayers as 
bacterial membrane mimics, was demonstrated in this chapter on hydrophilic 
silicon substrates. This experimental work demonstrated that highly asymmetric 
lipid bilayers could be formed at the solid:liquid interface using Langmuir-
Blodgett and Langmuir-Schaefer techniques, and that the asymmetric lipid 
bilayers remained asymmetric up to and potentially over 16 hours later. Since 
this initial work, further published work, has demonstrated even higher 
asymmetry values with cooler dipping temperatures. Further work in this area 
could incorporate the use of the thiolipid SAM substrates to understand if  
more fluid ‘floating’ bilayers are able to form stable asymmetric bilayers for 
study. 
In conclusion, this thesis has explored a range of steps that can be 
identified as being of key importance to the formation of biologically relevant 
membrane mimics; from how to create high-coverage membranes on 
substrates, while maintaining membrane fluidity, through to understanding how 
to exert control over the membrane composition and structure. This work will 
allow further development of the biomimetic membranes studied, for 
incorporation of proteins within the bilayer among other more complex 
models. As a result, this will further the knowledge and understanding of cell 
membranes and interactions. 
